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Abstract: The role of a plant root system in resource acquisition is relevant to confront
drought events caused by climate change. Accordingly, nursery practices like phosphorous
(P) fertilization and root pruning have been shown to modify root architecture; however,
their combined benefits require further investigation in Mediterranean species. We evalu-
ated the effect of applied P concentrations (0, 15, 60, and 120 mg L1 P) with or without
chemical (copper) root pruning (WCu, WoCu, respectively) in Aristotelia chilensis and Quil-
laja saponaria on morpho-physiological and root architecture traits. Higher P concentration
increased nutrient content in both species concurrent with higher growth. In A. chilensis,
higher P concentrations only increased the length and volume of medium roots. In Q.
saponaria, P additions increased root length and diameter and the length and volume of fine
and medium roots. The root-to-shoot ratio declined with WCu in A. chilensis (23.1%) and Q.
saponaria (15.7%). Unlike our hypothesis, fine root architecture remained unaffected with
root pruning in A. chilensis, while fine root length and volume decreased with increasing
P concentrations in Q. saponaria. Thus, P fertilization enhances root development more
consistently than root pruning, highlighting the need for further testing under water deficit
conditions to optimize nursery practices.

Keywords: fine roots; specific root length; root architecture; maqui; quillay

1. Introduction

Mediterranean regions are considered highly vulnerable to climate change [1,2]. The
Mediterranean region of south—central Chile is considered a biodiversity hotspot [3] and is
being negatively impacted by the combination of prolonged drought, increasing tempera-
tures, and decreasing amounts of precipitation [1,4-6]. Such disturbances constitute a threat
to biodiversity by reducing an ecosystem’s ability to acclimate to these new environmental
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conditions [7,8]. To improve the adaptation of ecosystems to climate change, especially
forest ecosystems, forest restoration has been considered a key tool by contributing to a
reduction in greenhouse gases and playing a role in mitigation [9]. However, the com-
bination of inadequate seed supply [10], the low quantity and poor quality of available
seedlings produced in nurseries, and low field survival [11,12] continues to limit the success
of restoration in Mediterranean ecosystems [13].

In this regard, the Target Plant Concept seeks to define the adequate morpho-
physiological plant attributes that favor increased survival and growth according to limiting
environmental factors in the field [14-21]. Because of seasonal water scarcity in Mediter-
ranean ecosystems, root architecture attributes are highly relevant, because, in addition
to anchoring, the absorption of water and nutrients are fundamental for plant survival
and growth after establishment [22]. For Mediterranean species, plant survival in drought
events depends largely on the size of the root system and its ability to reach water stored in
deeper soil horizons [23]. Nevertheless, initial root development in the field is mainly de-
termined by the root architecture developed during the nursery stage [24-26] concurrently
with plant nutrient concentrations [23]. Nursery practices that maximize root attributes
have, however, been scarcely documented.

Phosphorus (P) is an essential nutrient for plant development, being a fundamental
component in nucleic acids, membrane phospholipids, and energy-dependent metabolic
processes [27]. Phosphorous has been traditionally described as a root growth stimula-
tor [28], but few studies have documented such an effect. In fertilization, additions of high
amounts of P to Fraxinus mandshurica led to an increased primary root length, while P
deficit promoted lateral root development [29]. In shrub species, an increase in applied P
yielded higher total root length, surface area, and root dry mass in Bauhinia faberi [30], and
root specific length in Pistacia lentiscus [31]. Furthermore, in Mediterranean tree species
such as Quercus ilex, P fertilization increased root biomass [32], which also correlated with
field survival, as shown in a study with Acacia salicina [33].

Along with P fertilization, chemical root pruning is also related to changes in root
architecture. This practice is based on the application of compounds, such as copper (Cu),
on the interior surfaces of the container, where the meristem of lateral roots ceases growth
when coming into contact with the wall, thus promoting a more fibrous root system due
to the loss of apical dominance [14,34,35]. This treatment avoids root spiraling inside
the container [14,36,37] and is linked to an increase in the number of lateral roots [38], a
higher number of growth points [39], and a more fibrous root system [40]. Such attributes
could favor plant survival [23] because root growth after establishment increases water and
nutrient uptake and promotes photosynthesis that supports root and shoot growth [41].
Other studies have shown, however, that Cu did not avoid spiral root growth and decreased
root length and surface area in roots smaller than 5 mm diameter, thus decreasing total root
length and surface area [42].

Although P fertilization and chemical root pruning influence root architecture, the
response of the combination of these nursery practices in woody, Mediterranean species,
and their possible effect when facing water deficit, is scarce. Accordingly, our hypothesis is
that seedlings exposed to chemical root pruning in concert with P fertilization will develop
a more fibrous root system with longer roots in smaller diameter classes (i.e., <2 mm).
Our aim is to evaluate the effect of applied P concentration and chemical root pruning in
nursery-produced plants of Aristotelia chilensis and Quillaja saponaria, notably effects on
morphological attributes, nutrient status, and root architecture. A pioneer native shrub
from south—central Chile, A. chilensis, is desired for restoration purposes because its seeds
germinate readily and abundantly [43], inducing high plant density when established in
areas devoid of vegetation [44]. A Chilean endemic, Q. saponaria is one of the most produced
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native species in nurseries because its bark is a commercial source of saponin [45,46].
Found mainly in warm and dry climates, it is one of the most abundant species in the
sclerophyllous forest of Mediterranean central Chile, because it also occupies cold and wet
sites [47]. Despite their ecological and commercial importance, nursery production of these
species has not focused on maximizing their root architecture to address water deficit after
outplanting.

2. Results
2.1. Morphological Attributes

At the end of the nursery stage, P concentration was significant for root and leaf
biomass, leaf area, and R:S (Table 1). The control (OP) had the lowest leaf area compared to
all other P concentrations; the same trend was observed for leaf biomass. The highest P
concentration (120P) yielded more root biomass than OP (Table 2). In contrast, root pruning
was significant only for root biomass and R:S; the control treatment (WoCu) yielded more
root biomass than WCu, and the same trend was observed for R:S (Table 2). The interaction
of P concentration and root pruning was significant for A. chilensis stem biomass (Table 1);
for OP, stem biomass was the same regardless of root pruning treatment, but at 120P, the
WCu treatment had more stem biomass than the WoCu treatment (Table 2).

Table 1. p-values of morphological attributes, nutrient concentrations and content, and root architec-
ture in Aristotelia chilensis and Quillaja saponaria in relation to applied phosphorous concentration (P),
chemical root pruning (RP), and their interaction. R:S: root-to-shoot ratio; SRL: specific root length;
RTD: root tissue density. Significant values at p < 0.05 in bold.

Aristotelia chilensis Quillaja saponaria

Variable Phosphorous (P) Root Pruning P x RP Phosphorous (P) Root Pruning P x RP
(RP) (RP)

,§ Leaf area <0.0001 0.2788 0.9136 <0.0001 0.0057 0.4347
;50 Leaf biomass <0.0001 0.1892 0.8667 <0.0001 0.0029 0.3596
& Stem biomass <0.0001 0.0045 0.0006 <0.0001 0.0004 0.4996
g Root biomass 0.0404 0.0086 0.3849 <0.0001 0.1606 0.5951
Eo R:S <0.0001 0.0041 0.8804 0.0522 0.0228 0.8139
_ N concentration <0.0001 0.0006 0.1396 <0.0001 0.0001 0.0131
g P concentration <0.0001 0.0124 0.1630 0.0016 0.0012 0.0074
:_.% K concentration <0.0001 0.1950 0.8049 0.0043 0.9467 0.1298
“E N content <0.0001 0.1172 0.8296 <0.0001 0.3275 0.8368
Z. P content <0.0001 0.5542 0.9462 <0.0001 0.2370 0.7441
K content 0.0552 0.8510 0.7362 <0.0001 0.0249 0.4022

G‘QJ Root length 0.2742 0.2417 0.4801 <0.0001 0.1532 0.1353
g Root diameter 0.1095 0.1468 0.5625 <0.0001 0.2709 0.3179
'E Root volume 0.0785 0.0364 0.4313 <0.0001 0.8007 0.0099
E Root surface area 0.1601 0.0616 0.4043 <0.0001 0.4938 0.0140
s SRL 0.4362 0.1305 0.5325 0.0002 0.0350 0.0862
S RTD 0.1140 0.8988 0.3191 0.1142 0.0001 0.0263

For Q. saponaria, P concentration was significant for all morphological traits except
R:S (Table 1). In general, the highest concentrations of P (120 and 60) had higher amounts
of leaf area and leaf, stem, and root biomass than 60P, which had greater values for these
variables than OP. Root pruning was significant for leaf area, leaf and stem biomass, and
R:S; leaf area, and leaf and stem biomass were higher with copper pruning (WCu) but R:S
was lower compared to WoCu (Table 2). No interaction of P concentration and root pruning
was observed.
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Table 2. Mean values (+standard deviation; n = 8) of leaf area (cm?) and leaf, stem, and root biomass
(g) in Aristotelia chilensis and Quillaja saponaria in relation to applied phosphorous concentration (0, 15,
60, and 120 mg L1 P), chemical root pruning (with, WCu, and without, WoCu), and their interaction.
Different letters refer to significant differences between treatments at p < 0.05 according to Tukey;
ns = non-significant.

Biomass (g)

Leaf Area (cm?) Leaf Stem Root R:S
WoCu WCu
Phosphorous (P)
oP 383.15 +102.21° 4.03 4+ 0.45P° 5.63 4+ 0.61 4 5.05+ 0.534 348 +1.87° 0.36 4 0.08 2
= 15P 759.53 + 217.65 2 7.66 4+ 1522 12.340.10°¢ 16.00 + 2.62 2P 428 +2272 0.20 + 0.05°
g 60P 781.03 + 218.312 7.75+1282 14.62 +1.283b¢ 1498 4+ 2533bc 3854 2,053 0.18 +0.03P
= 120P 803.55 + 157.65 2 826+1.152 1435 +£2.39b 180841812 44042322 0.19 +0.04"
)
< Root Pruning (RP)
WoCu 667.37 + 237.28 1S 7.07 +1.981s 11.72 +4.04 ™ 433+2252 0.26 +£0.102
WCu 700.79 + 260.75 1 6.78 £2.131s 13.53 + 5.46 1 3.67 +1.95P 0.20 + 0.08°
Phosphorous (P)
oP 1337 £ 6.17°¢ 0.21 +0.09 ¢ 0.06 £+ 0.05¢ 0.14 +£0.08°¢ 0.65 + 0.21 1s
= 15P 4455 + 19.47° 0.72 + 0.36 P 025+ 0.15P 0.69 4+ 0.44° 0.75 +0.15 s
E 60P 87.95 + 18.73 1.49 + 0422 0.52 +0.132 1.21 + 0.682 0.61 + 0.07 s
g 120P 109.69 + 44.192 1.81 £0922 071+ 0432 1.31 +0.76 0.56 + 0.07 s
& Root Pruning (RP)
WoCu 55.84 4+ 39.26 P 0.88 + 0.66 ° 0.30 +£0.23P 0.77 + 0.56 0.70 £ 0.142
WCu 71.94 +50.342 123 +£0942 047 +£ 0412 0.90 + 0.63 1 0.59 +0.14 "

In A. chilensis, the RGR of the 120P concentration revealed that maximum growth
occurred sooner (43 days after transplanting) than that for 60P, 15P, and OP (45, 59, and
61 days, respectively) (Figure 1B). The 0P-WoCu and the OP-WCu treatments promoted
the least amount of stem length during the entire growth season compared to all the other
treatment combinations (Figure 1A). For RCD growth, only the 60P-WoCU and 120P-WoCu
treatments shared similar growth rates throughout the nursery stage (Figure 1C). Whereas
the rate of stem length growth increased during the nursery stage, the rate of RCD was
greatest early in the nursery stage and then declined (Figure 1D), regardless of treatment.

In Q. saponaria, the 120P, 60P, and 15P concentrations (regardless of root pruning)
reached maximum stem length RGR at day 50, 20 days sooner than the control (OP)
(Figure 1F). The RCD reflected effects on P concentrations but not root pruning treat-
ment (Figure 1G). The highest P concentrations (120 and 60) generated the most RCD
throughout the growing period, and these rates achieved their maximum growth rate
69 days after transplanting, faster than the 71 days for 15P and 87 days for OP (Figure 1H).
Also, OP and 15P concentrations, irrespective of root pruning treatment, and the 60P-WoCu
and 120P-WoCu treatments shared the highest stem length dynamic (Figure 1E). The 120P-
WoCu and 60P-WoCu treatments showed the maximum stem length, while the lowest stem
length was observed in the 0P-WoCu and 0P-WCu treatments.
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Figure 1. Growth dynamics of stem length and root collar diameter (RCD) for Aristotelia chilensis
(A,C) and Quillaja saponaria (E,G), in relation to applied phosphorous concentration (0, 15, 60, and

120 mg L~! P), chemical root pruning (with, WCu, and without, WoCu), and their interaction
(n = 24 for each treatment). Figures on the right illustrate the relative growth rate (RGR) of stem
height and RCD for A. chilensis (B,D) and Q. saponaria (F,H). Colored symbols indicate the mean, and
lines indicate modeled response for treatments.
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2.2. Nutrient Concentration and Content Analysis

In A. chilensis, the level of applied P concentration was significant for plant N, P, and K
concentrations and N and P content (Table 1). The control (OP) had the lowest N concentra-
tion and content compared to all other applied P concentration treatments. Not surprisingly,
sequential increases in applied P concentration increased plant P concentration and content.
In contrast, sequential increases in applied P concentrations decreased K concentrations
(Table 3). The root pruning treatment was significant for plant N and P concentrations
(Table 1). A higher N concentration was observed in the WCu treatment compared to the
WoCu treatment; the opposite behavior was observed for plant P concentration (Table 3).
Also, no significant interaction between applied P concentration and root pruning was
observed for plant nutrient concentration and content.

Table 3. Mean values (+standard deviations; n = 3 for each treatment) of nitrogen (N), phosphorous
(P), and potassium (K) nutritional concentration and content in Aristotelia chilensis and Quillaja
saponaria in relation to applied phosphorous concentration (0, 15, 60, and 120 mg L~ P), chemical
root pruning (with, WCu, and without, WoCu), and their interaction. Different letters refer to
significant differences among treatments at p < 0.05 according to Tukey; ns = non-significant.

Nutrient Concentration (mg g~1) Nutrient Content (mg)

A. chilensis N P K N P K
Phosphorous (P)
oP 12.15 + 1.76 ® 0.67 +0.129 12.10 4+ 2.30 @ 48.17 +4.49° 263 +0.22¢ 47.69 + 4.34™
15P 16.47 +2.76 2 1.28+0.15°¢ 8.28 +0.90° 125.22 + 23.96 2 9.81 +1.80° 63.77 + 14.95 1
60P 16.58 +1.012 1.77 +0.12° 6.60 £ 0.50 © 133.75 + 17.85 2 14.29 4+ 2.39 2 53.29 4 7.81 ™
120P 17.60 + 1.87 2 2.08+0.232 7.43 4+ 0.80 b 136.97 + 14.322 16.52 +2.09 2 58.89 + 6.43 ™
Root pruning (RP)
WoCu 14.47 +2.65° 1.51 4 0.57 2 8.24 +1.97 " 105.56 + 39.07 ' 10.62 +5.66" 5587 4+ 12.91 "
WCu 16.78 +2.442 1.39 4+ 0.58° 8.97 +2.95" 116.50 + 42.79 11.01 £595™ 5595+ 8.31"
Q. saponaria WoCu WCu WoCu WCu
Phosphorous (P)
oP 3443 +4.892  27334+199° 210+026° 2.06+021% 938 +121° 7.09 +1.82°¢ 0.49 +£0.16¢ 223+0.82¢
15P 2067 +257¢ B 042 e 0050 1604+017¢ 122041250 15.94 + 3.88° 1414040  10.06+ 261"
60P 15.90 + 0.69 4 162040709  1.804+0.17°® 177 +£0.06> 1075+ 1.1920 24.64 +£3.922 2.73+035% 938 +181°
120P 21.07 £070¢ 1547 +£0499 243+015%  170+0.17%  11.12+1.04? 3415 + 8.842 3.80+0.762 12.20 4 6.83 2
Root pruning (RP)
WoCu 23.02 + 7.59 " 2.04 +0.32" 10.93 + 1.87 1 19.13 +9.78 1 2.00 +1.28 ™ 10.97 + 6.50 ©
WCu 19.32 + 5.04 s 1.78 + 0.23 s 10.79 + 1.09 s 21.78 £13.10™ 222 +1.48"™ 13.97 +£9.452

For Q. saponaria, applied P concentration was significant for K concentration, and N,
P, and K contents (Table 1). Potassium foliar concentration was highest in the 15P con-
centration treatment and lowest in the OP control treatment, independent of root pruning
treatment. As a general trend, N, P, and K contents were higher in the 120P concentration
and lowest in the OP (Table 3). Root pruning was not significant for nutrient concen-
trations or contents. The applied P concentration X root pruning treatment interaction
was significant for plant N and P concentrations (Table 1). The highest N concentrations
were observed in the 0P-WoCu treatment followed by the OP-WCu treatment, while the
60P-WoCu, 60P-WCu, and 120P-WCu treatments displayed the lowest N concentrations
(Table 3). Regarding plant P concentration, higher values were observed in 15P-WoCu,
while the lowest values were found in the 15P-WCu treatment (Table 3). As a general
trend, the presence of copper pruning resulted in lower plant P concentrations than that in
seedlings grown without copper pruning.
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2.3. Root Architecture Traits

For A. chilensis, P concentration was not significant for any of the root architecture
traits (Table 1), whereas root pruning was significant for root volume. The WoCu treatment
increased root volume by 33% (10.15 cm3) compared to the WCu treatment (7.83 cm?).

For Q. saponaria, the P concentration was significant for root length, root diameter, and
SRL (Table 1). Thus, root length and diameter were higher in any treatments with p > 0
compared to the control (0P) (Figures 2A and 2C, respectively).
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Figure 2. Root length (A), volume (B), diameter (C), surface area (D), specific root length (SRL) (E),
and root tissue density (RTD) (F) of Quillaja saponaria in relation to applied phosphorous concentration
(0, 15, 60, and 120 mg L~! P), chemical root pruning (without, WoCu, and with, WCu), and their
interaction (n= 8 for each treatment). The bottom and top boundaries of the boxes represent the 25th
and 75th percentiles, respectively. The solid dashed on the center of each box represents the mean
value and the solid line represents the median value. Different letters indicate significant differences
among treatments at p < 0.05 according to Tukey.

On the contrary, the 60P and 120P concentrations had a greater SRL than their OP and
15P counterparts (Figure 2E). Root pruning only affected the SRL (Table 1), with higher val-
ues in the WoCu treatment (47.22 + 23.80 m g_l) compared to WCu (36.66 £ 15.52 m g_l).
The interaction of P concentration and root pruning treatments was significant for root
volume, root surface area, and RTD (Table 1). The lowest root volume was observed in
the OP concentration, followed by the 15P-WoCu treatment, while the 120P concentration
showed the highest root volume (Figure 2B). Similarly, the OP and the 15P-WoCu treatments
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had the lowest root surface area, compared to all the other treatments (Figure 2D). For RTD,
the OP-WoCu and 15P-WCu treatments had significantly lower tissue density, while the
highest RTD was observed in the 0P-WCu treatment (Figure 2F).

For A. chilensis root traits by size class, P concentration was significant for the length
of medium-sized roots, and the volume of medium- and coarse-sized roots (Table 4). When
P was applied (i.e., 120P, 60P, or 15P), medium-sized roots were longer than those in the
control (Figure 3B). The same trend was observed for the volume of medium- and coarse-
sized roots (Figure 3F and 3H, respectively). Root pruning was significant for the length
of medium-sized roots, and the volume of fine- and medium-sized roots (Table 4), where
shorter lengths and lower volumes were observed in the WCu treatment (Figure 3C, 3E,
and 3G, respectively). Also, no interaction between P concentration and root pruning was
observed.

Table 4. p-values of root architecture in Aristotelia chilensis and Quillaja saponaria in relation to the
applied phosphorus concentration (P), chemical root pruning (RP), and their interaction (P x RP) in
the distribution of fine, medium, and coarse roots. Significant differences at p < 0.05 in bold.

Source of Length Volume
Variation Fine Medium Coarse Fine Medium Coarse
Phosphorous (P) 0.2792 0.0021 0.2954 0.0675 0.0038 0.0004
A. chilensis R"Ot(llg,‘;“i“g 02472 0.0380 0.0807 0.0485 0.0382 0.9086
P x RP 0.4802 0.5809 0.4547 0.5076 0.4450 0.8502
Phosphorous (P) 0.0003 0.0008 0.0146 0.0001 0.0008 0.0035
Q. saponaria RO"t(lI;;‘;“i“g 0.0322 0.0264 0.1082 0.0199 0.0428 0.0677
P x RP 0.0011 0.0778 0.0899 0.0516 0.0379 0.0343
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Figure 3. Root length (A-D) and volume (E-H) of Aristotelia chilensis in relation to applied phos-
phorous concentration (0, 15, 60, and 120 mg L! P) and chemical root pruning (without, WoCu,
and with, WCu) according to the diameter distribution (fine, medium, and coarse roots) (n = 4 for
each treatment). The bottom and top boundaries of the boxes represent the 25th and 75th percentiles,
respectively. The dashed line in the center of each box represents the mean value and the solid line
represents the median value. Different letters indicate significant differences between treatments at
p < 0.05 according to Tukey; ns = non-significant.
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For Q. saponaria, P concentration was significant for the length of medium- and coarse-
size roots, and the volume of fine-size roots (Table 4). The 120P concentration showed a
greater length compared to 15P and OP in medium-size roots (Figure 4B). The 120P and
15P concentrations had the greatest length in coarse-size roots; meanwhile, the control (OP)
showed the lowest (Figure 4D). All P concentrations (120P, 60P, or 15P) had a higher root
volume than the OP concentration (Figure 4E). Root pruning was significant for the length
of medium-sized roots and volume of fine-sized roots (Table 4), where shorter lengths
and lower volumes were observed in the WCu treatment (Figure 4C and 4F, respectively).
The interaction of P concentration and root pruning was significant for the length of fine-
sized roots and volumes of medium- and coarse-sized roots (Table 4). The lowest length
in fine-size roots was observed in the OP-WoCu treatment and the highest in 60P-WoCu
(Figure 4A). For medium-sized roots, OP-WoCu treatment yielded a significantly lower
volume, while the highest was observed in 120P-WoCu (Figure 4G). Similarly, the 120P-
WoCu treatment had the highest volume in the coarse-size roots and 60P-WCu showed the
lowest (Figure 4H).
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Figure 4. Root length (A-D) and volume (E-H) of Quillaja saponaria in relation to applied phosphorous
concentration (0, 15, 60, and 120 mg L~! P), chemical root pruning (without, WCu and without,
WoCu), and their interaction according to the diameter distribution (fine, medium, and coarse roots)
(n = 8 for each treatment). The bottom and top boundaries of the boxes represent the 25th and 75th
percentiles, respectively. The dashed line in the center of each box represents the mean value and
the solid line represents the median value. Different letters indicate significant differences between
treatments at p < 0.05 according to Tukey.

3. Discussion

In A. chilensis, we observed that increasing P concentration applied during nursery
production significantly increased RGR, resulting in greater plant growth and size. The
increase in growth is well correlated with the increase in N and P content observed in
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the applied P concentrations, and this effect has been previously observed in Acer mono
and Quercus ilex [48,49]. In our study, applied P concentration increased leaf area (47%)
and leaf biomass (51%) more than root biomass (21%) relative to the 0P control treatment,
thus causing a decrease in the R:S. Similar results were observed in Araucaria angustifolia
cultivated with concentrations greater than 118 mg L= P [50]. The decrease in the R:S could
induce an imbalance between water absorption and transpiration, leading to water stress
and decreased survival after field establishment [51,52]. Despite that, increasing P con-
centration also promoted higher root biomass, which agrees with other research [30,32,33].
This was, however, not related to changes in the architecture of fine roots in A. chilensis,
which are mainly responsible for water and nutrient absorption [30,53-55]. Contrary to our
expectations, the increase in medium- and coarse-sized root length and volume observed
with increases in applied P concentration were mostly responsible for the observed increase
in total root biomass.

The chemical (i.e., copper) root pruning decreased A. chilensis root biomass, which
agrees with several reports [40,42,56]. The objective of chemical root pruning is to limit
the growth of lateral roots and stimulate the growth of higher-order roots [34,35], thus
developing a fibrous root system with higher growth of shorter and thinner roots [40,42].
Some studies have shown no differences in root architecture [14,38]. However, contrary to
our hypothesis, root pruning did not increase the volume or length of fine roots as expected,
and significantly decreased the length and volume of medium roots, thus explaining the
overall lower root biomass in this treatment. This also led to a decline in R:S, which,
as previously discussed, could negatively impact plant performance in drought stress
conditions.

Similarly to the results observed in A. chilensis, increasing the rate of applied P to Q.
saponaria increased stem length, diameter, biomass, and leaf area. Contrary to A. chilensis,
P concentration had, however, no effect on the R:S. Higher applied P concentration also
enhanced plant N, P, and K content, which is associated with increased growth and above-
and below-ground biomass. Similar results were observed in Eucalyptus grandis, where
plants exhibited higher shoot growth and promoted accumulation of N, P, and K content
with increased applied P concentration [57]. The development of more leaf area and shoot
biomass with increasing applied P has also been reported in Swietenia macrophylla [58].
Although the effects of P have been commonly researched by assessing the effects of its
deficiency, contrasting results have been observed in leaf area, shoot biomass, and R:S in
different species [31,49,59,60], indicating that the effects of P on plant growth and biomass
distribution are highly species-specific. This agrees with our distinct results observed
between A. chilensis and Q. saponaria.

Although the applied P concentration interacted with root pruning, we noted that
N foliar concentrations decreased as the rate of applied P increased. Similar results have
been recorded for E. grandis; the effect was described as antagonism between phosphate
and nitrate (NO3~ [61]. Similar results were observed in Phoebe zhennan [62]. However,
lower N concentrations caused by an increased rate of applied P in our study had no
implications on growth and biomass accumulation, probably due to higher N content in
P-fertilized plants.

Contrary to our results for A. chilensis, P concentration and chemical root pruning had
major effects on Q. saponaria root architecture. The literature shows that P deficiency in-
duces a decrease in root diameter and an increase in root length toward expanding the area
of soil explored, thus increasing root surface area (RSA) [63-67] in trees and shrubs [29,31].
However, in Q. saponaria, we observed that P deficiency in the OP concentration decreased
root diameter and length, in contrast to previous studies. The lower root diameter and
root biomass led to an increase in SRL in the 0P control, which is commonly observed
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in P-deficient soils linked to higher P uptake efficiency [68,69] and increasing soil explo-
ration volume per unit of carbon invested in root length [70-73]. Besides root diameter, a
meta-analysis revealed that higher SRL correlated with decreased RTD [74]. In our study,
however, this relationship depended on the application of chemical root pruning and the
level of applied P. In our OP concentration, the expected low RTD in concert with high SRL
was noted in the WoCu treatment, but in WCu, RTD and SRL were both high. Although
there was no difference in root diameter under P-deficient conditions, the application of
Cu may promote the development of denser roots that might increase plant tolerance
to drought conditions [74] and nutrient acquisition in poorly nourished soils after out-
planting [71]. This combination of high SRL and RTD related to chemical root pruning
was absent when P was applied (i.e., 15P, 60P, and 120P). Additionally, the application of
Cu induced a decrease in the length and volume of fine roots and showed a tendency to
decrease the volume of medium and coarse roots, which can negatively affect nutrient and
water absorption in resource-limited conditions.

The application of P induced a lower SRL in Q. saponaria, which agrees with results
from several species [48,66,75]. Because a higher SRL has been linked to resistance to water
stress [74,76,77] by increasing the efficiency in resource acquisition, these results could
imply that P could induce lower drought resistance after establishment. However, in Q.
saponaria, the lower SRL of P-fertilized plants was also linked to higher RSA, root diameter,
root length, volume, RTD, and biomass, traits that are usually present in species subjected
to water deficit or present in habitats with lower rainfall [59,78]. All these traits should
confer high resource acquisition due to increased root—soil interface. The high nutrient
content induced by P fertilization in Q. saponaria could imply a high resource investment
in denser roots with longer lifespans, as described in roots with higher RTD [71,76,79,80].
Phosphorous fertilization also had a high impact on root architecture at different diameter
distributions. More importantly, increasing P concentration induced the development of
longer fine roots with increased volume, implying a larger volume of soil exploited per unit
of biomass invested [74]. Fine roots play a significant role in soil exploration for water and
nutrient acquisition and can account for up to 80% of the total root length [81,82]. Thus,
minute changes in fine root architecture could result in great changes in plant performance
after field establishment. Similarly, not accounting for the effect of chemical root pruning,
higher P concentrations also increased the volume and length of medium- and coarse-sized
roots. This could also have a beneficial effect in resource-limited conditions, because,
beyond anchorage, coarse roots serve as a carbohydrate reserve and absorb water from
deeper soil horizons [81,83].

Although A. chilensis and Q. saponaria had effects due to P concentrations and RP, the
rapid shoot and root growth of A. chilensis was unexpected. This growth response resulted
in the roots of this species densely occupying the entire container substrate by the end of
the nursery period (Figure S1), and that might have limited the accurate root development
response for the effects of P and RP. Meanwhile, for Q. saponaria at the conclusion of the
nursery phase, root plugs were intact, but roots were not densely packed, allowing for the
determination of differences in response to applied treatments (Figure S2).

4. Materials and Methods
4.1. Seedling Establishment in the Nursery

We grew seedlings of A. chilensis and Q. saponaria in an outdoor nursery at the Centro
Tecnolégico de la Planta Forestal, Instituto Forestal (36.84° S; 73.13° W), Region of Biobio,
Chile. During the nursery period (November 2022-May 2023), the mean daily temperature
was 16.8 °C. The maximum daily temperature (34.4 °C) was registered in February and
the minimum (0 °C) in May. Seeds of both species were collected in E1 Morro (38.03° S;
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72.68° W) and Quillén (36.74°S; 72.49° W), Region of Biobio, respectively. In late August
2022, seeds were soaked in water for 48 h, sown into germination beds filled with com-
posted pine bark [84,85], and irrigated daily (Table S1). When seedlings developed their first
set of true leaves (A. chilensis, end of October 2022; Q. saponaria, beginning of January 2023),
we transplanted them individually into 32 trays per species (15 cm depth, 280 cm® volume,
24 cavities; 768 seedlings) that had either been treated with a solution of 60 g L~!
Cuy(OH)3Cl applied to the internal wall of the cavities (16 trays) for chemical root pruning
treatment (WCu) or not (16 trays, WoCu). The trays were filled with composted pine bark
as described above.

4.2. Fertilization

Phosphorous treatments began one month after transplanting. We applied 4 P concen-
trations: 0, 15, 60, and 120 mg L1, hereafter OP, 15P, 60P, and 120P. Macro- and micronu-
trients were applied at constant concentrations (mg L™!): nitrogen (N, 400), potassium
(K, 100), magnesium (Mg, 60), sulfur (S, 80), calcium (Ca, 80), iron (Fe, 10), manganese
(Mn, 6), copper (Cu, 2), zinc (Zn, 6), molybdenum (Mo, 2), and boron (B, 2). Ammonium
nitrate was the N source (proportion INO3; ™~ to INHy*). Available water was estimated
using soil humidity sensors (ECH20 EC-5; Decagon, Pullman, WA, USA); sensor values for
volumetric water content (m® m~3) were calibrated with the gravimetric mass to estimate
the percentage of available water [86]. We applied phosphorous and the other nutrients as
soluble fertilizer (fertigation) and alternated with irrigation events each time trays reached
50% of available water. Fertigation and irrigation were manually applied with a watering
can until full container capacity was reached. We added macronutrients to every fertigation
and micronutrients during every third fertigation. The N concentration of A. chilensis was
reduced to 200 mg L~ 96 days after transplanting.

Our experimental design for each species was a completely randomized factorial
design: 4 P concentrations (OP, 15P, 60P, and 120P) x 2 chemical root pruning treatments
(WoCu and WCu) x 4 replicates (trays) x 24 seedlings tray ! = 768 seedlings total.

4.3. Morpho-Physiological Evaluations

Starting on day 14 after transplanting and continuing about every 2 weeks to the end
of the nursery phase (12 and 9 measurements for A. chilensis and Q. saponaria, respectively),
we selected 192 seedlings of each species (8 seedlings x 4 P concentrations x 2 root pruning
x 3 replicates) to determine stem length (SL, cm) and root collar diameter (RCD, mm). The
measurements of SL and RCD were used to calculate the relative growth rate [87,88].

At the end of the nursery stage (June 2023; A. chilensis, 180 days; Q. saponaria,
140 days after transplanting), 64 seedlings of each species were randomly selected
(2 seedlings x 4 P concentrations x 2 root pruning X 4 replicates) for root and shoot
morphological assessment. Roots were separated from shoots, gently washed, dyed with
a crystal violet solution (5 g L™!), quantified with a high-resolution scanner (1200 DPI
resolution, Epson Perfection 4490 Scanner®, Nagano, Japan), and analyzed with a root
image analysis system (WinRhizo®, Regent Instrument Inc., Québec City, QC, Canada).
The means for total root diameter, length, surface area, and volume were determined, as
well as the distribution of roots among diameter classes (fine roots < 1 mm, medium roots
= 1-2 mm, and coarse roots > 2 mm) [24]. The area of fresh leaves (cm?) was measured
using a leaf area meter (LI-3100, LI-COR Biosciences, Lincoln, NE, USA). We dried shoots
(i.e., stems and leaves) and roots at 60 °C for 72 h in a forced-ventilation oven to determine
the dry mass per component. The root-to-shoot ratio (R:S) was calculated as the root dry
mass x shoot dry mass~!. We calculated specific root length (SRL, m g~!) as root length
x root dry mass~!, and the root tissue density (RTD, g cm~2) as root dry mass x root
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volume . The specific leaf area (SLA, cm? g~1) was calculated as the foliar area x leaf dry
mass~!. The same suite of measurements with the same number of seedlings was used for
A. chilensis, except that only 32 seedlings were used for root architecture (1 seedling x 4 P
concentrations X 2 root pruning X 4 replicates).

We selected 3 foliar samples per treatment per species (4 P concentrations x 2 root
pruning; 24 total) to obtain N, P, and K concentrations per species. We used the Kjeldahl
digestion method and colorimetry for N [85]. For P and K, we prepared samples using
dry calcination, and P concentration was determined using colorimetric dissolution in
1 N hydrochloric, while K was determined by atomic emission spectrophotometry [85].
Nutrient concentrations and leaf dry mass were used to obtain nutrient content.

4.4. Data Analysis

The SL, RCD, and RGR data during the nursery stage (180 days for A. chilensis and
140 for Q. saponaria) were modeled with the PROC NLIN procedure (SAS Institute Inc.,
Cary, NC, USA) using the Gauss—Newton method through a derivative-free algorithm. For
SL and RCD, we adjusted a Weibull model for all treatments, with the exception of the
SL in the OP concentration of Q. saponaria, where an Asymptotic Regression model was
adjusted. For RGR, we used a Gauss Peak Shape model for all treatments, except for RCD
in A. chilensis, where a First-order Decay Kinetics model was adjusted.

The effect of P concentration and root pruning at the model level was evaluated
using the additional sums of squares method [89]. The final morphological attributes, leaf
area, SLA, root architecture (i.e., root diameter, length, volume, and surface area), SRL,
RTD, biomass (leaves, stem, roots, and R:S), and nutrient concentration and content were
assessed using a two-way analysis of variance (ANOVA) for a completely randomized
design, through PROC GLIMMIX (SAS Institute Inc., Cary, NC, USA) with a distribution
selected considering the Akaike Information Criterion (AIC). Statistical differences between
means were performed with the Tukey test (HSD) for multiple comparisons with 95%
confidence. All visualizations were made with graphing software (SigmaPlot 14.0, Systat
Software Inc., San José, CA, USA).

5. Conclusions

Our study shows that the efficacy of nursery treatments, namely applied P concen-
tration and use of chemical (i.e., copper) root pruning, both of which aim to modify root
architecture traits, is species-specific. We observed that A. chilensis fully colonized the
container substrate during nursery production, which could have influenced the lack of
response in root pruning treatments. This shows the need to account for the growth dy-
namics of Mediterranean species to select suitable containers and/or fertility regimes for
optimal development in the nursery. Contrary to our hypothesis, P concentration did
not affect the development of fine roots and only had minor effects on the length and
volume of medium roots. Regarding Q. saponaria and in agreement with our hypothesis,
P concentration induced the expected changes in root architecture, especially in fine- and
medium-sized roots. Considering whole root architecture, P concentration induced changes
that could relate to higher plant performance under water-limited conditions and led to an
improvement in plant nutritional status, which has been extensively correlated to better
plant performance in Mediterranean climates. However, the implications of these changes
on plant performance require further evaluation. In disagreement with our hypothesis,
chemical root pruning prompted changes that could negatively impact plant performance,
mostly in fine- and medium-sized roots. Considering that root pruning during nursery
production is costly and time-consuming, our results do not present a clear benefit of its
application toward improving root systems to increase drought avoidance.
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Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/plants14020195/s1: Table S1. Chemical analysis of water used
for irrigation during the nursery period; Figure S1: Root pruning effect in A. chilensis in relation to P
fertilization. A: OP; B: 15P; C: 60P; D: 120P. For each image, the root on the right represents WoCu and
on the left represents WCu; Figure S2: Root pruning effect in Q. saponaria in relation to P fertilization.
A: OP; B: 15P; C: 60P; D: 120P. For each image, the root on the right represents WoCu and on the left
represents WCu.
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