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Abstract: Phosphorus (P) availability in subtropical soils does not often meet the nutritional demand
of native tree species such as the ipé-roxo tree (Handroanthus heptaphyllus); therefore, it is necessary to
supply P at planting. However, the impact of P on root system growth remains unknown. The aim of
the current study was to investigate the effect of P application on root morphology of H. heptaphyllus
plants over a 36-month period in a subtropical climate region. During the experiment, the plants
subjected to fertilization with 40 kg P ha~! were compared to untreated control. Plant roots were
scanned through minirhizotron system 18 and 36 months after transplant (MAT), and generated
images were used to determine total root length, mean root diameter and total root volume. Plant
height and leaf P concentrations were also evaluated. Phosphorus application enhanced root and
whole plant growth with a more evident effect at 36 MAT, when soil P availability decreased. The
results give important information on the cultivation of H. heptaphyllus plants in soils presenting low
P availability.

Keywords: forest nutrition; minirhizotron; noble wood; phosphate fertilization; root length; tree species

1. Introduction

Native tree species such as Handroanthus heptaphyllus (Vell.) Mattos (popularly known
in Brazil as ipé-roxo tree or ipé-rosa) are often used in projects focused on reforestation
processes, environmental preservation, recovery of degraded areas, urban afforestation
and landscaping [1-3]. H. heptaphyllus grows quickly and presents a long cylindrical stem,
high-density wood, resistance and durability [3,4]. Thus, it has great potential to be used
in civil construction [5], furniture manufacturing, decorative openings and cladding [6].

The proper growth of native trees such as ipé-roxo tree, mainly in soils presenting low
natural fertility, may be associated with the development of mechanisms or strategies such
as root morphological modifications to increase soil exploration (cluster roots) changes
in rhizospheric soil pH and exudation of organic acids such as malic and citric acids,
among others, which increase soluble organic carbon concentration in the solution and,
consequently, increase the solubilization and availability of nutrients such as phosphorus
(P) [7,8]. However, soil-available P concentrations do not always meet plants’ demands,
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especially in sites aimed at rapid wood growth and high yield [9,10]. Thus, it is necessary
to apply phosphate fertilizers at seedling planting [10-12] to overcome this deficiency.

Phosphorus is essential to plant growth since it acts in energy storage and transfer
processes. In addition, it is a structural component of the plasma membrane of cells, such
as root cells, which contributes to water and nutrient absorption [13]. Most of the P applied
to soils is adsorbed with high binding energy to the surface functional groups of inorganic
reactive particles such as 1:1, 2:1 clay minerals, iron (Fe), manganese (Mn) and aluminum
(Al) oxides [14], whereas a smaller part can be adsorbed with lesser binding energy and
be easily available for the plant [15]. When this happens, P can be taken up by the root
system and stimulate the increase of total root length, mean root diameter, total root volume
and branching angle [16]. This happens since plant P homeostasis is maintained through
different signaling mechanisms that perceive external inorganic P (Pi) concentrations in the
environment, and it stimulates carbon investment towards capturing more resources from
the soil. Thus, the higher the soil P availability and the volume of soil explored by roots,
the higher the root uptake of water and nutrients, including different P forms leading to
enhancement of leaf P concentrations and faster plant growth.

However, the real impact of phosphate fertilization on root system morphology and
dynamics in tree species grown in subtropical climate regions remains poorly understood.
Thus, the hypothesis of the current study is that P application increases available P levels,
favors in-depth root system growth, increases P absorption by the roots and, consequently,
improves early plant development. The aim of the current study was to evaluate root
morphology in H. heptaphyllus plants grown in soil subjected, or not, to P application in
subtropical climate region.

2. Materials and Methods
2.1. Experimental Site Description

The study was carried out in Santa Maria County, Rio Grande do Sul State (RS),
Southern Brazil (latitude 29°4730” S, longitude 53°39’'47" W), from September 2016 to
September 2019. The landscape in the experimental site is featured as smooth wavy.
The climate in the region is classified as Cfa (subtropical Humid) based on Képpen’s
classification, and it is characterized by air temperature ranging from —3 °C to 18 °C in
the coldest month and higher than 22 °C in the warmest month; mean annual rainfall is
1769 mm, and rainfall events are well distributed throughout the year [17]. Air temperature
and mean monthly rainfall rates during the investigated period were 21.4 °C and 161.1 mm,
respectively (Figure 1).
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Figure 1. Total monthly rainfall (mm) and mean monthly air temperature (°C) throughout the study
conducted with H. heptaphyllus plants in the field—data were provided by the weather station in
Santa Maria County, Rio Grande do Sul State, Brazil. Source: [18].
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Vegetation in the experimental site comprised species such as Desmodium incanum DC,
Andropogon lateralis Nees, Axonopus affinis Chase, Aristida laevis (Nees) Kunth and Paspalum
plicatulum Michx. Soil (Table 1) was classified as Typic Hapludalf [19].

Table 1. Physical and chemical soil characterization in the 0-0.2 m soil layer in the experimental site,
before study installation.

Soil Properties Value
Clay ? (gkg™!) 170
Silt? (g kg™ 1) 130
Sand ? (g kgfl) 700
Organic matter P (g kg™1) 8.0
pH in water (1:1 ratio) 6.0
Available P ¢ (mg kg~1) 10.0
Exchangeable K ¢ (mg kg™1) 48.0
Exchangeable Ca ¢ (cmol. kg™ 1) 1.2
Exchangeable Mg 9 (cmol. kg™!) 0.6
Exchangeable Al ¢ (cmol. kg™1) 0.0

Note: soil analysis were determined before soil disturbance at 0-0.2 m of depth. Values indicate the mean recorded
for five replicates. # Pipette method [20]; b Walkley-black method [21]; © Extracted by Mehlich-1 [21]; d Extracted
by KC1 1 mol L1 [21].

2.2. Seed Collection and Seedling Production

Seeds used to produce seedlings were collected from matrix trees grown in Deciduous
Seasonal Forest fragments (latitude 29°79'38.1” S and longitude 53°66'46.9” W) in Santa
Maria County-RS. Collected seeds were extracted and processed in order to form seed lots.

Seeds were sown in containers (polypropylene tube-type; capacity of 180 cm?) filled
with commercial substrate (Sphagnum peat and vermiculite) and carbonized rice husk
(ratio of 2:1, v:v). Baseline fertilization comprised 9 g/L of controlled-release fertilizer
(N-P-K, 15-9-12) homogenized to the substrate before sowing. Tubes were placed on trays
and allocated in the emergence and growth area and placed in an area under 50% light for
four months. After this period was over, seedlings were transferred to the acclimation area
for 30 days. Finally, seedlings presenting mean stem height and diameter of 0.315 m and
4.5 mm, respectively, were used for transplanting.

2.3. Silvicultural Practices and Experimental Design

Weeding was conducted, three days before transplantation, in the experimental site
with the application of non-selective systemic herbicide (Glyphosate-N (phosphonomethyl)
glycine) at 4.5 L ha~!, with the aid of sprayer (flow rate of 500 L ha~!) coupled to a tractor.
Holes (0.15 m diameter x 0.2 m depth) were manually opened in the soil with the aid of
articulated digger (2 m x 2 m spacing), before transplant.

Transplanted seedlings were irrigated with approximately two liters of water per plant
in order to avoid air pocket formation between the roots and the soil, as well as to keep the
root system hydrated. In addition, all seedlings were fertilized with 90 kg N ha~! and 37 kg
K ha~! of urea (45% N) and potassium chloride (33% K) fertilization sources, respectively.

A factorial completely randomized split-plot-in-time design was used in three blocks,
with the main plot comprising P application (0 and 40 kg P ha~!) and the subplot to
sampling time (18 and 36 months after planting). Phosphorus rate was defined taking
into consideration the doses recommended for Eucalyptus spp. culture [22] due to lack of
specific recommendation for phosphate fertilizer application in H. heptaphyllus. Fertilizers
were applied at the soil layer 0.1 to 0.15 m deep, in distant pits, approximately 0.15 m away
from the seedlings.

Experiment maintenance was based on the control of leafcutter ants belonging to
genera Atta and Acromyrmex by using granulated baits; weeds were controlled through
manual weeding (crowning), mowing or chemical weeding, based on the application of
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4.5 L ha~! of non-selective systemic herbicide (Glyphosate-N (phosphonomethyl) glycine)
with the aid of knapsack sprayer at flow rate of 350 L syrup ha~!.

2.4. Soil and Leaf Collection and P Analysis

In March 2018 and September 2019, fully expanded leaves of 4 samples per treatment
were collected from the upper third of the plants, washed in distilled water and oven-dried
in a forced ventilation at 65 °C until constant weight. Leaf tissue was crushed in Willey
mill, sieved in 20 mesh, subjected to sulfuric acid digestion [21] and analyzed for P.

Soil samples were collected with auger from the 0-0.2 m layer in March 2018 and
September 2019. Eight subsamples were collected around plants (=20.25 m) in each treat-
ment. Soil samples were air-dried, sieved in 2 mm mesh and subjected to available P
extraction (extracted by Mehlich-1) [21].

Phosphorus concentration in leaf tissue and soil samples was determined through
colorimetry, based on the methodology proposed by Murphy and Riley [23], at wavelengths
of 882 nm, in UV-visible spectrophotometer (SF325NM, Bel Engineering, Monza, Italy).

2.5. Plant Height and Root System Morphology

Plant height was measured from the ground level up to the apical bud, with the aid of
graduated ruler, in March 2018 and September 2019.

Acrylic tubes suitable for the minirhizotron technique were installed in September
2017 to evaluate the growth of the seedling root system of H. heptaphyllus plants. A hole was
opened 0.5 m from the stem, at 45° angle in relation to soil surface, on the seedling planting
line. Holes used to allocate the tubes were performed with spiral drill (70 mm in diameter
and 1.5 m long) coupled to gasoline-powered soil drill (White, Bps 52). One transparent
acrylic tube per plant (external diameter of 70 mm, 1.05 m in length, capable of reaching
0.80 m in depth) was inserted into the hole and used for future scans. The tubes were
internally protected by non-toxic, lightweight and waterproof plastic polyethylene rod.
Their bottom end was sealed with a plug to avoid water infiltration. The upper end of
the tubes was covered with PVC pipes (100 mm in diameter) to minimize heat exchange
and water vapor. An adhesive was added to the outer surface of each tube and used as an
initial permanent reference position to scan all captured images. Four images along the
tube at fixed dimensions of 0.216 m x 0.196 m, were captured.

2.6. Image Collection and Analysis

Scanning was performed 18 and 36 months after transplantation (MAT), after system
stabilization (soil-plant-tube), and images were generated in situ by root system scanner
(CI-600 Growth Monitoring System, CID Bio-Science, 1554 NE 3rd Avenue - Camas, WA,
USA) at a resolution of 600 dpi (Figure S1). Subsequently, images collected (TIFF format)
in each repetition and soil layer (0-0.2, 0.2-0.4, 0.4-0.6 and 0.6-0.8 m) were analyzed in
RootSnap! ® CI-690 computer software version 1.3.2.25 (CID Bio-Science), based on the
manual drawing of each root. Next, total root length (mm plant~!), mean root diameter
(mm) and total root volume (mm? tube™!) in each soil layer were determined.

In each image obtained, the roots were classified into live roots and dead roots. The
classification regarding survival was made visually and subjectively (Figure S2).

2.7. Statistical Analysis

The results were subjected to analysis of the assumptions of normality of residuals
and homogeneity of variance by the Shapiro-Wilk and Bartlett test, respectively. Box-Cox
was used to transform data that did not show normality and/or homogeneity of variance.
Subsequently, the two-way analysis of variance (p < 0.05) was performed. After finding a
difference between treatments (F-statistics), for the parameters P concentration in soil and
leaves and plant height, the Tukey test (p < 0.05) was performed for the quantitative factor
“P rate” and for qualitative factor “age”. For root morphological parameters, whenever
there was a difference between treatments, the Tukey test (p < 0.05) was used for the factors
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“P rate” and “soil layer”. The “ExpDes.pt” package [24] available in the R Softwar [25] was
used to analysis.

In addition to analysis of variance, multivariate principal component analysis (PCA)
was performed by using the “Factoextra” [26] and “FactoMineR” [27] packages available
in the R statistical environment [25]. Root morphological parameters in four different soil
layers (Ilength, diameter, volume), P concentration in leaves and soil, and plant height
were used as response variables, whereas “P rate” and “time” were used as variation
sources. PCA was performed based on a set of principal components (components 1 and
2 were used in the current study), which reflect a set of standardized orthogonal linear
combinations that together explain the original data variability.

3. Results
3.1. P in Soil and Leaves and Plant Height

No significant interaction between P rate and plant age was observed for P concentra-
tion in the soil (Figure 2a,b) and leaves (Figure 3a,b). The highest available P in the 0-0.2 m
soil layer was observed at 18 MAT (Figure 2a). In the control plots (p = 0), the concentration
of P available in the soil was 2.3 mg/kg, which was approximately 9 times lower than
observed in soil fertilized with 40 kg P ha~! (Figure 2b).
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Figure 2. P concentration in the soil (a,b) of H. heptaphyllus plants (at 18 and 36 MAT) subjected to
applications of 0 and 40 kg Pha~!. (a) depicts the adjusted bars with mean values at 18 and 36 months
after transplant (MAT) compared based on Tukey’s test (p < 0.05) without considering the P rate,
since the interaction was not significant at 5% based on two-way analysis of variance. (b) depicts
the adjusted bars with mean values of the P rate compared based on Tukey’s test (p < 0.05) without
considering time, since the interaction was not significant at 5% based on two-way analysis of
variance. Vertical bars represent the standard error of three repetitions.

Phosphorus concentration in leaves was significantly higher at 18 MAT than at 36 MAT
(Figure 3a), but it was not influenced by P supply (Figure 3b).

A significant interaction between P rate and plant age was measured for height
(Figure 4). Plant height was significantly higher as a consequence of P supply in comparison
to control plants at both sampling days; in addition, at 36 MAT plant were higher than at
18 MAT (Figure 4).

A significant interaction between P rate and soil layer was measured for root length
at 18 MAT (Figure 5a) and 36 MAT (Figure 5b). At 18 MAT, the supply of P induced
and increased total root length in comparison to control at all sampling depths, with
the exception of 0.6-0.8 m, where the two fertilization strategies induce similar values
(Figure 5a); root value decreased with depth (Figure 5a).
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At 18 MAT (Figure 5b), the trend was similar to that observed at 36 MAT with a higher
root length as a consequence of P supply in comparison to control in the shallowest soil
layer; in the deeper soil layer (0.4-0.8 m), the two fertilization strategies induced a similar
root length (Figure 5). Total root length decreased with depth (Figure 5).

0.4 1 0.30 1 ns.
a n.s.
s 0.25 1
0.3 1
- 020 A
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Figure 3. P concentration in leaves (a,b) of H. heptaphyllus plants (at 18 and 36 MAT) subjected to
applications of 0 and 40 kg Pha~!. (a) depicts the adjusted bars with mean values at 18 and 36 months
after transplant (MAT) compared based on Tukey’s test (p < 0.05) without considering the P rate,
since the interaction was not significant at 5% based on two-way analysis of variance. (b) depicts the
adjusted bars with mean values of the P rate without considering time since the interaction was not
significant in alpha 5% based on two-way analysis of variance. Vertical bars represent the standard
error of three repetitions. n.s. = F not significant at 5% probability.
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Figure 4. Height of H. heptaphyllus plants (at 18 and 36 months after transplant) subjected to ap-
plications of 0 and 40 kg P ha~!. Uppercase letters compare P rate considering the same time,
while lowercase letters compare times based on the Tukey test (p < 0.05), since the interaction was
significant at 5% based on two-way analysis of variance. Vertical bars represent the standard error of

three repetitions.
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Figure 5. Total length of living roots (mm) in 0-0.2, 0.2-0.4, 0.4-0.6 and 0.6-0.8 m soil layers at 18
(a) and 36 months after transplant (b) in H. heptaphyllus plants subjected to applications of 0 and
40 kg P ha~!. (a,b) The uppercase letters compare P rate considering the same soil layer, while
lowercase letters compare soil layers based on the Tukey test (p < 0.05), since the interaction was
significant at 5% based on two-way analysis of variance. Horizontal bars represent the standard error

of three repetitions.

3.2. Mean Diameter of Living Roots

A significant interaction between P rate and soil layer was measured for root diameter
at 18 MAT (Figure 6a). At 18 MAT, the highest diameter value was recorded in the 0.4-0.6 m
layer, in plants grown in soil subjected to application of 40 kg P ha~! (Figure 6a), followed
by values in the 0.6-0.8 m layer, no matter the fertilization; on the other hand, the lowest
values were measured in the 0.2-0.4 m soil layer, followed by the 0-0.2 m layer, with no
differences between fertilized and not fertilized plants (Figure 6a).

No significant interaction between P rate and soil layer was measured for root diameter
at 36 MAT (Figure 6b,c). At 36 MAT, the diameter measured in the deepest soil layer was
higher than that measured in the shallowest layers (0-0.4 m); values recorded at 0.4-0.6 m
soil depth were higher than those at 0.2-0.4 m and similar to 0-0.2 m and 0.6-0.8 m
(Figure 6b). The supply of P induced an increase in roots diameter in comparison to control
(Figure 6c).

3.3. Total Volume of Living Roots

A significant interaction between P rate and soil layer was measured for root volume
in 18 MAT (Figure 7a) and 36 MAT (Figure 7b). At 18 MAT, the supply of P at 40 kg P ha~!
induced an increase in volume of living roots at all depths except the deepest one, where
the two fertilization treatments were similar (Figure 7a); a similar trend was also observed
at 36 MAT (Figure 7b).

3.4. Principal Component Analysis (PCA)

Principal component analysis (PCA) was performed by extracting the first two com-
ponents (PC1 and PC2), which together explained 72.3% of the original data variability
(Figure 8). PC1 has explained 53% of data variability; it had a stronger influence than PC2
on root length in layers 0-0.2 m and 0.2-0.4 m, on root diameter in layer 0.4-0.6 m, on
root volume in layers 0-0.2 m, 0.4-0.6 m and 0.6-0.8 m, and on P concentration in the soil.
PC1 was effective in separating treatments into two large groups. The group to the right
of the PC1 axis comprised plants subjected to application of 40 kg P ha~! (circles), which
differed from plants subjected to application of 0 kg P ha~! (triangles) and were placed to
the left of the PC1 distribution. PC2 has explained 19.3% of data variation; P concentration
in leaves was the response variable that mostly influenced this variation. PC2 was effective
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in separating individuals based on assessment time. Observations performed at 18 MAT
(red) were positioned above the PC2 axis; they diverged from observations performed at
36 MAT (green), which were positioned below the PC2 axis. Plants subjected to application
of 40 kg P ha~! and evaluated at 36 MAT were the ones showing the highest height values,
which presented a positive correlation to root morphological variables such as root length
(RL) and volume (RV) in soil layer 0.2-0.4 m. Phosphorus content available in the soil was
positively correlated to root volume in soil layer 0.4-0.6 m (Figure 8).

Mean root diameter (mm) Mean root diameter (mm)
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Figure 6. Mean diameter of living roots (mm) of H. heptaphyllus plants subjected to applications of
0and 40 kg P ha~! as observed in 0-0.2 m, 0.2-0.4 m, 0.4-0.6 m and 0.6-0.8 m soil layers at 18 (a) and
36 months after transplant (MAT) (b,c). (a) The uppercase letters compare P rate considering the
same soil layer, while lowercase letters compare soil layers based on the Tukey test (p < 0.05), since
the interaction was significant at 5% based on two-way analysis of variance. (b) depicts the adjusted
bars with mean values at soil layers at 36 MAT compared based on Tukey’s test (p < 0.05) without
considering the P rate, since the interaction was not significant at 5% based on two-way analysis of
variance. (c) depicts the adjusted bars with mean values of the P rate at 36 MAT compared based
on Tukey’s test (p < 0.05) without considering soil layers, since the interaction was not significant
at 5% based on two-way analysis of variance. Horizontal bars represent the standard error of
three repetitions.
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Figure 7. Total living root volume (mm? tube ') in H. heptaphyllus plants subjected to applications of
0 and 40 kg P ha~! as observed in 0-0.2 m, 0.2-0.4 m, 0.4-0.6 m and 0.6-0.8 m layers at 18 (a) and
36 months after transplant (b). (a,b) The uppercase letters compare P rate considering the same
soil layer, while lowercase letters compare soil layers based on the Tukey test (p < 0.05), since the
interaction was significant at 5% based on two-way analysis of variance (ANOVA). Horizontal bars
represent the standard error of three repetitions.
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Figure 8. Correlation between principal components 1 (PC1) and 2 (PC2) in root morphological
variables, P concentration in soil and leaves, and height of H. heptaphyllus plants subjected to
application of different P rate in the soil and evaluated at different times, where Py gap: phosphorus
concentration in leaves; Pgoy.: phosphorus content in the soil; RDy g, m: total living root volume
(mm? tube 1) in 0-0.2 m soil layers; RDg 94 m: total living root volume (mm? tube 1) in 0.2-0.4 soil
layers; RDg4-06m: total living root volume (mm? tube~!) in 0.4-0.6 soil layers; RDp g0 m: total
living root volume (mm? tube™1) in 0.6-0.8 m soil layers; RLg_2 m: total length of living roots (mm)
in 0-0.2 m soil layers; RLg 704 m: total length of living roots (mm) in 0.2-0.4 soil layers; RLg 406 m:
total length of living roots (mm) in 0.4-0.6 soil layers; RLg ¢_(.§ m:total length of living roots (mm) in
0.6-0.8 m soil layers; RV : total living root volume (mm?3 tube 1) in 0-0.2 m soil layer; RV 2_04 m:
total living root volume (mm?3 tube 1) in 0.2-0.4 m soil layer; RV 406 m: total living root volume
(mm? tube™1) in 0-0.2 m soil layer; RVg¢_08m: total living root volume (mm? tube™1) in 0-0.2 m
soil layer.

4. Discussion

Phosphorous fertilization did not change plant height in the first 18 MAT. This out-
come may be associated with lower root system development at the initial root growth
stage, as well as the low mobility of P in the soil [28,29], because of the affinity of phosphate
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ion adsorption to functional groups of reactive soil particles, such as oxides, oxyhydroxides
and clay minerals [15,29,30]. However, an increase in plant height was recorded as a conse-
quence of P addition at 36 MAT. This increase in plant growth could be the consequence
of an increase in P uptake that happened thanks to the enhancement of root length and
volume, stimulated by P fertilization. Increased P absorption by roots also [31] stimulated
ATP biosynthesis and assured higher photosynthetic rates, which contributed to the cell
division and expansion in the shoot [28,31,32]. The consequence of this metabolic process
is the increase in plant height [12]. Some research with plants of arboreal species cultivated
with P increment showed a similar effect in growth [12,28].

Soil P application significantly modified roots and plant growth in H. heptaphyllus,
probably because of a better P availability in soil. Indeed, phosphorous fertilizer was
applied close to the plants and probably, the P forms like H,PO,~ e HPO4?~ got close
to the external surface of roots, mainly by diffusion, enhancing the absorption of P from
the soil solution [33,34]. Thus, the longer root length observed in the 0-0.2 m soil layer,
close to the zone enriched with P, enhanced the establishment and growth in height of
plants [12,28], as observed by the positive correlation among variables, such as root length,
diameter and volume, with plant height in the PCA.

In general, the higher values of total root volume can also be explained by the increase
in P derived from fertilizer application. Thus, fertilization stimulated the emission of roots
that were observed in the 0-0.2 m layer. On the other hand, the largest total volume of
roots observed in the 0.4-0.6 m layer probably occurred due to the migration of P in the
profile, which is possible due to the sandy soil and low P adsorption capacity [12]. This
volume growth in depth can also be associated with lignified roots, which are responsible
for supporting plants [33,35].

The low P availability in unfertilized soil induced a stunted growth in plants and
a lower development of the root system. Native P in the soil is strongly adsorbed to
functional groups of reactive soil particles, such as oxides, oxyhydroxides and clay minerals,
which leads to lower mobility in the soil and, consequently, decreased P availability
for plant absorption [29-31], which is reflected in lower aerial and root growth. Plants
under P deficiency usually show suppression in principal root growth, associated with
increased lateral roots and cluster roots, due to decreased levels of gibberellic acid caused
by lack of Pi [7,8,36,37]. In addition, it is known that to deal with low P availability,
plants can develop P acquisition strategies such as root morphological modifications to
increase soil exploration (e.g., cluster roots) and exudation of organic acids, including
carboxylates, phosphatases and proteases, among other adaptations at the morphological
and biochemical level [7,8,36]. However, this often occurs at the expense of growth and
photosynthesis [38], causing lower biomass production.

Reduced P availability in the soil from 18 to 36 MAT was probably caused by P uptake
in plants [39-41]. | In addition, reduced P availability observed over time may be part of
the P deriving from fertilizer forms, an inner sphere complex with functional groups of
inorganic particles, and it reduces the P amounts extracted with the aid of simple extractors,
such as Mehlich-1 [30,42,43].

The higher P concentration observed in leaves at 18 MAT and the strong correlation
between these variables in PCA could be due to the small young plants with a limited
leaf area that led to increased P concentration in leaf tissue. However, it is also likely that
there was a redistribution of P from the leaves to other growing organs, which can be
confirmed by the reduced values of P observed in the leaves at 36 MAT. However, part of
the P available in leaves could be remobilized and redistributed to perennial reserve organs,
mainly to branches and roots, reducing plant dependence on P deriving from the soil; this
phenomenon was previously observed in native trees subjected to P application [44—46].
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5. Conclusions

Phosphorus application has increased P concentration the soil, stimulated increase
in root length and volume of H. heptaphyllus plants, mainly in the superficial soil layer
(0-0.2 m), 18 and 36 months after seedling transplantation, leading to higher plant growth.

In conclusion, we can assess that P application at the rate of 40 kg P ha~! can contribute
to faster growth of H. heptaphyllus plants; further study should be conducted to evaluate the
correct P rate to apply and if splitting the doses or applying it yearly could be an effective
strategy for H. heptaphyllus plants cultivation.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/agronomy11081563/s1, Figure S1: Images generated in situ by a root system scanner (CI-600
Growth Monitoring System, CID, USA) with 600 dpi resolution, with an image of the root system
18 months after transplantation (MAT), soil layer 0-0.2 m, submitted to applications of 0 (a) and
40 kg P ha-1 (b), and image of the root system 36 months after transplantation (MAT) submitted
to applications of 0 (c) and 40 kg P ha-1 (d), Figure S2: Image generated in situ by a root system
scanner (CI-600 Growth Monitoring System, CID, USA) with 600 dpi resolution, which exemplifies
the difference between root survival. Green arrows show examples of live roots and red arrows show
examples of dead roots. Table S1: Database that supported this research.
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