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Abstract: Seedling species with different architectures, e.g., mean leaf angles, are often subjected
to the same irrigation management in forest nurseries, resulting in wasted water and fertilizer and
reduced seedling quality. We aimed to evaluate whether irrigation volumes applied to tree seedling
species with different leaf angles affect the physiological quality in forest nurseries and, consequently,
performance after potting. We submitted nine seedling species with different mean leaf angles to
four daily water regimes (8, 10, 12, and 14 mm). In the nursery, the following physiological attributes
were considered to assess seedling quality: leaf water potential, daily transpiration rate, SPAD
value, chlorophyll a and b, anthocyanins, carotenoids, and total nutrient content. After potting,
we evaluated height and stem diameter over 120 days. Leaf angle can be used as a criterion for
optimizing irrigation in forest nurseries, avoiding water and fertilizer wastage, and increasing
physiological seedling quality. Leaf angle measurements combined with concurrent assessments of
leaf traits are helpful in further understanding the effects of leaf angle variation and water regime
on seedling quality. For positive leaf angles, an irrigation volume of 8 mm is sufficient to increase
physiological seedling quality. Conversely, seedlings with negative leaf angles show the opposite
response, requiring the largest irrigation volume (14 mm) to increase physiological seedling quality,
except when the mean leaf area is small and concentrated in the upper half of the stem, which
facilitates the access of irrigation water to the substrate and thus satisfies seedling water requirements.
For all species, up to 120 days after planting in pots, the effect of the irrigation volume that provides
greater growth and physiological quality at the end of the nursery phase is not overcome by other
irrigation volumes applied.

Keywords: forest restoration; transpiration; leaf pigment content; leaf water potential; total nutrient
content; overhead microsprinkler irrigation

1. Introduction

To combat the global warming crisis, the United Nations has declared 2021–2030
as the “International Decade on Ecosystem Restoration” to accelerate the restoration of
degraded ecosystems, including tropical forests. As such, active management techniques,
such as planting seedlings, play an important role in forest restoration. Seedling production
requires specialized knowledge to produce morphologically and physiologically high-
quality plants to meet forest restoration goals.

High quality seedlings are often a critical requirement for implementing forest and
landscape restoration programs [1]. Nursery cultural practices directly affect the physiolog-
ical functioning and subsequent morphological development of seedlings [2].
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A broad seedling quality evaluation program provides useful information to support
grower decisions and to understand the effects of management [3]. Successful establishment
depends on the use of seedlings whose morphological and physiological characteristics
achieved at the end of nursery production support growth and survival under an expected
range of site conditions [4].

Physiological attributes commonly measured during seedling development include
nutrient status and plant water status. The use of physiological quality at the end of nursery
production as a criterion for selecting species for ecological restoration is advantageous.
The resistance of species to the effects of seasonality results in reduced mortality and
restoration costs [5].

In nurseries, the main factors that affect the quality of seedlings are the quality of ge-
netic material, irrigation, nutrition, container type, and substrate composition. In irrigation,
overhead microsprinklers are the most commonly used system for tree seedlings and tend
to grow several species with different architectures under the same water management [6,7].

Species with larger crown canopies may largely contribute to leaf water interception.
This canopy effect, which depends on canopy characteristics, container size, and spacing, is
not considered by many growers. As a result, many growers typically apply more water
than needed when scheduling irrigation, preferring the risk of increased leaching losses to
the consequences of seedling water deficits [8,9].

Plant species can vary widely in architecture, i.e., the disposition of their components
in space [10], such as the leaf angles. Leaf angle is an important plant structural trait that
affects light interception, as well as carbon and water fluxes [11]. Steeper leaf angles can
help reduce exposure to excess radiation and consequent water stress during the middle of
the day, thereby increasing water use efficiency and hence carbon gain [12,13].

On the other hand, lower leaf angles increase light interception when the sun is
at a high angle. The large interception of radiation by lower leaf angles can result in a
significant increase in leaf temperature to levels above those optimal for photosynthesis.
High leaf temperatures also increase the vapor pressure difference with the atmosphere,
which increases transpiration rate and decreases water use efficiency [14,15].

The authors [16] measured and compiled an extensive dataset of leaf angles for
138 deciduous broadleaf species commonly found in temperate and boreal ecoclimatic
regions. Similarly, [17] provide a dataset of leaf angles for 71 different Eucalyptus species
native to Australia. More recently, data on leaf angle distributions for 50 widespread forest
broadleaf tree species in Europe were also reported [18].

Rather than focusing on seedlings and their physiological attributes in response to
water management, most studies of leaf angles have been concerned with the study of
forests and their effects on radiation [19–25], remote sensing of the environment [26–29],
leaf wettability and rainfall distribution in forests [30,31], and genotypic and phenotypic
plasticity [32,33].

Overcoming this knowledge gap will help growers improve seedling quality and
avoid wasting inputs such as water and fertilizer. We aimed to evaluate whether irrigation
volumes applied to tree species with different leaf angles affect the physiological seedling
quality in forest nurseries and, consequently, the performance after planting in pots.

2. Materials and Methods
2.1. Site Description

We conducted this study during the summer months in a sectored forest nursery
located in the São Paulo State, Brazil, at coordinates 22◦51′ S 48◦26′ W. The climate is
classified as Cfa (Köppen classification) and the original phytophysiognomies in this
region are tropical semi-deciduous forest and Cerrado, which are considered biodiversity
hotspots [34].
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2.2. Leaf Angle Measurement and Experimental Treatments

We measured the mean leaf angle of nine tree seedling species from tropical semi-
deciduous forests and the Cerrado, typically used for implementing active forest restoration
programs: Croton floribundus (−56◦), Heliocarpus popayanensis (−54◦), Guazuma ulmifolia
(−14◦), Esenbeckia leiocarpa (31◦), Lafoensia pacari (38◦), Moquiniastrum polymorphum (42◦),
Psidium cattleyanum (55◦), Magnolia ovata (57◦), and Genipa americana (58◦) using
a 180-degree transparent protractor on the youngest fully expanded pair of leaves. Accord-
ing to [7,13], we measured the leaf angle from the horizontal plane (0◦∼flat;
90◦∼upward leaf; −90◦~downward leaf). For each species, we considered the mean
value of 30 seedlings between 25 and 35 cm tall.

We tested water regimes typically used for seedling production (8, 10, 12, and
14 mm/day−1), divided twice a day, and applied by an overhead microsprinkler sys-
tem. To accurately measure the amount of water applied by the irrigation system, we
placed 36 plastic containers equidistantly under the microsprinklers in each covered bed
prior to the irrigation pulse. The test duration was 1.0 h. Irrigation volumes were measured
using a 1.0 L graduated cylinder.

Thus, the irrigation volumes were applied by the irrigation system at an average
rate of 32.4 mm h−1, with an operating pressure of 300 kPa. From this reference, we
programmed the control panel of the irrigation system to apply the specified irrigation
volume of each treatment.

The experiment was conducted using a split-plot design. The main plots were assigned
to four irrigation volumes: 8, 10, 12, and 14 mm/day−1. Subplots were assigned to nine tree
seedling species: Croton floribundus, Heliocarpus popayanensis, Guazuma ulmifolia, Esenbeckia
leiocarpa, Lafoensia pacari, Moquiniastrum polymorphum, Psidium cattleyanum, Magnolia ovata,
and Genipa americana. Four replicates were set up for each treatment, giving a total of
144 subplots. The experimental unit (each subplot) included a total of 20 seedlings.

2.3. Nursery Management

We filled polyethylene trays with peat moss-based substrates, carbonized rice hull,
and perlite (2:1:1; by volume) and sowed in a shade house (50% shade), where the seedlings
received 8 mm daily irrigation volume. After one month, we transferred the emerged
seedlings to polyethylene containers (92 cm3). The occupancy of each polyethylene tray
was one polyethylene container per 86.8 cm2.

Subsequently, we standardized the subplots of each species, measuring their heights:
Croton floribundus (5.0 cm ± 0.8), Heliocarpus popayanensis (11.7 cm ± 1.6), Guazuma ulmifolia
(9.6 cm ± 1.0), Esenbeckia leiocarpa (7.9 cm ± 1.0), Lafoensia pacari (13.3 cm ± 1.3),
Moquiniastrum polymorphum (4.8 cm± 1.2), Psidium cattleianum (8.8 cm± 1.2), Magnolia ovata
(4.5 cm ± 0.5), and Genipa americana (3.4 cm ± 0.9).

Thus, we randomly assigned the trays in suspended and covered beds with diffuse-
light film and programmed the overhead sprinkler system to apply the irrigation volumes
corresponding to the treatments. The classification of Christiansen’s uniformity coefficient
was high (90%) [35], and that of the uniform distribution coefficient was good (86%) [36].

At the beginning of the irrigation treatments, we started seedling fertilization by
applying 8 mm of nutrient solution per week. This volume was applied equally to all
treatments and was deducted from the irrigation volume. The macronutrient solution
was composed of Ca(NO3)2, urea (CH4N2O), MAP (NH4H2PO4), KNO3, and MgSO4 at
concentrations (milligrams per liter) of 295 (N), 84 (P), 200 (K), 38 (Mg), 160 (Ca), and
52 (S), and micronutrient solution of H3BO3, Na2MoO4, MnSO4, ZnSO4, CuSO4, and FeSO4
at concentrations (milligrams per liter) of 25 (Fe), 4.6 (B), 3.9 (Mn), 1.2 (Zn), 0.6 (Cu), and
0.3 (Mo). We also applied 8 mm per week of hardening fertilization solution composed of
KCl at 700 mg L−1 for one month.

The nursery period of each species was different due to their different growth rhythms:
Heliocarpus popayanensis, Lafoensia pacari, Moquiniastrum polymorphum, and Psidium cattleianum
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was 90 days; Croton floribundus, Esenbeckia leiocarpa, and Magnolia ovata was 150 days; and
Guazuma ulmifolia and Genipa americana was 120 days.

To determine the effects of irrigation volume on seedling species with different leaf
angles, we evaluated the physiological attributes at the end of the nursery phase. To deter-
mine the growth performance of the seedlings after potting, we evaluated the attributes’
height and stem diameter over 120 days.

2.4. Physiological Analysis
2.4.1. Leaf Water Potential and Daily Transpiration Rate

For each mean leaf angle, we evaluated leaf water potential (Ψlea f ) in four seedlings of
each irrigation volume with a dew point potentiometer (model WP4-T, Washington, USA),
collecting two fully expanded leaves at midday.

For each mean leaf angle, we evaluated the gravimetrically daily transpiration rate
(milligram of water per square meter of leaf per second) [37] in sixteen seedlings of each
irrigation volume. At 06:00 p.m., we completely saturated the substrate with water and
then allowed it to drain. We attached a plastic bag to the polyethylene container and
sealed it completely around the seedling with masking tape to prevent the evaporation of
substrate water.

On a subsequent day (07:00 a.m.), we weighed the initial mass of the set (plastic bag,
masking tape, and seedling) on a high-precision balance and kept it in full sunlight. After
one day, we weighed the final mass of the set and then we detached leaves to determine
the leaf area using a LI-3100 (Li-Cor, Lincoln, NE, USA). Thus, we calculated transpiration
using Equation (1):

Im−Fm
LA
t

(1)

where T is the daily transpiration rate, Im (mg) is the initial mass of set, Fm (mg) is the final
mass of set, LA (m2) is the leaf area, and t is the time (s).

2.4.2. Leaf Pigment Contents Analysis and SPAD Value

For each mean leaf angle, we measured leaf pigment contents (chlorophyll a and b,
anthocyanins, and carotenoids) in sixteen seedlings of each irrigation volume, collecting
two fully expanded leaves, according to [38]. We homogenized leaves (0.100 g) in liquid
nitrogen, and we performed all measurements in triplicate. We extracted pigments with
3 mL acetone/Tris pH 7.8 buffer solution (80/20, volume/volume). After the centrifugation
of the extracts at 6000 rpm for five minutes, we read the absorbance at 663, 647, 537, and
470 nm. We calculated the pigment contents (mg g of fresh weight−1) according to
Equations (2)–(5), as follows:

Chla = 0.01373×A663 − 0.000897×A537 − 0.003046×A647 (2)

Chlb = 0.02405×A647 − 0.004305×A537 − 0.005507×A663 (3)

Anthocyanins = 0.08173×A537 − 0.00697×A647 − 0.002228×A663 (4)

Carotenoids =
(A470 − (17.1× (Chla + Chlb)− 9.479×Anthocyanins))

119.26
(5)

where Chla is the chlorophyll a content, Chlb is the chlorophyll b content, and A is the
sample absorbance at wavelength x in a 1 cm path length cuvette.

For each mean leaf angle, we considered the two fully expanded leaves and mea-
sured SPAD values in sixteen seedlings of each irrigation volume, using a chlorophyll
concentration estimator (SPAD-502, Konica Minolta, Osaka, Japan).
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2.4.3. Total Nutrient Content Analysis

For each mean leaf angle, we evaluated the total nutrient content in four seedlings
of each irrigation volume, according to [39–41]. Seedlings were separated into roots and
shoots and the substrate was washed from the roots. Both the shoot and root parts were
dried in an air circulation oven at 70 ◦C until they reached a constant mass and then they
were weighed for dry mass determination on a high-precision balance. The dried samples
were separately ground in a Wiley mill (Arthur H. Thomas Company, Philadelphia, PA,
USA) and used for determination of tissue macronutrient (g kg−1) and micronutrient
(mg kg−1) concentrations for P, K, Mg, Ca, S, Zn, Fe, Cu, and Mn by nitroperchloric
digestion, N by sulfuric perchloric digestion, and B by dry-ashing.

Tissue concentrations were multiplied by the oven-dried weight of the corresponding
part to calculate nutrient content. Total macronutrient and micronutrient content were
determined by summing the nutrient content of each seedling part.

2.5. Seedling Growth Performance after Planting in Pot

After finishing the nursery phase, we planted six seedling representatives of each
species and irrigation volume in 7 L pots containing Oxisol medium texture with sand
(3:1; by volume). In the soil, we added fertilizer with the N-P-K formulation (4:14:8) at a
dosage of 2 kg m−3 soil. We randomized pots of seedlings in a covered greenhouse with
diffuse-light film and irrigated them with 500 mL of water every five days. Immediately
after planting and at 30, 60, 90, and 120 days after planting, we measured the growth
characteristics: height (cm) and stem diameter (mm).

2.6. Data Analysis

The physiological data (leaf water potential, daily transpiration rate, SPAD value,
chlorophyll a and b, anthocyanins, and carotenoids content) were submitted to the Shapiro–
Wilk test [42] to verify the normality. Analysis of Variance (ANOVA) [43] was performed
on these data (p < 0.05). The Scott–Knott test [44] was used for multiple comparisons
(p < 0.05).

The relationship between each total nutrient content and irrigation volume at each
leaf angle was evaluated using the Pearson correlation coefficient (p < 0.05 and p < 0.01).

To analyze the effect of the treatments applied during the nursery phase on seedling
growth performance after potting, the ANOVA was performed on the growth data every
30 days (p < 0.05). Before the analysis, the normality of the data was verified with the
Shapiro–Wilk test. The Scott–Knott test was used for multiple comparisons (p < 0.05). All
statistical analyses were performed with the STATISTICA software package [45].

3. Results
3.1. Physiological Quality of Seedlings

In the ANOVA (Tables S1–S7 available in Supplementary Materials), the significant
interaction between irrigation volume and mean leaf angle influenced the leaf water
potential, daily transpiration rate, SPAD value, chlorophyll a and b, anthocyanins, and
carotenoids content (p < 0.05).

Increasing irrigation volume did not significantly increase daily transpiration rate at
58◦, 55◦, 42◦, and 38◦ leaf angles. For leaf angles of −54◦, 31◦, and 57◦, the application of a
10 mm irrigation volume increased the daily transpiration rate, which was not significantly
different from the larger irrigation volumes. On the other hand, for leaf angles of −14◦

and −56◦, the largest irrigation volume (14 mm) was required to provide a greater daily
transpiration rate (Figure 1).
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Figure 1. Daily transpiration rate of tree seedlings as influenced by mean leaf angles and irrigation
volumes at end of the nursery phase. Croton floribundus (−56◦), Heliocarpus popayanensis (−54◦),
Guazuma ulmifolia (−14◦), Esenbeckia leiocarpa (31◦), Lafoensia pacari (38◦), Moquiniastrum polymorphum
(42◦), Psidium cattleyanum (55◦), Magnolia ovata (57◦), and Genipa americana (58◦). Different capital
letters on the bars indicate significant differences between mean leaf angles at the same irrigation
volume by the Scott–Knott test at 5% probability. Different small letters on the bars indicate significant
differences between irrigation volumes for the same mean leaf angle by the Scott–Knott test at 5%
probability. Error bars denote the standard error.

In addition, species with negative leaf angles showed less negative leaf water potential
at 14 mm irrigation volume, except for Heliocarpus popayanensis (−54◦), for which this
attribute did not significantly differ between irrigation volumes (Figure 2). It is important to
highlight that Heliocarpus popayanensis had the smallest mean leaf area of the species tested
(45.73 cm2; Table S8 available in Supplementary Materials). For species with mean leaf
angles of 58◦, 57◦, 55◦, 42◦, 38◦, and 31◦, increasing irrigation volume did not significantly
change leaf water potential.

Pigment contents and SPAD values were reduced in varying proportions with increas-
ing irrigation volume when the leaf angle of the species was positive and −54◦, except for
leaf angle 38◦ where irrigation volume did not significantly change chlorophyll a and b or
anthocyanins content. For the leaf angles of −14◦ and −56◦, the larger irrigation volumes
were required to produce higher carotenoids, chlorophyll a and b, and anthocyanins content
(Figures 3–6) and a higher SPAD value (Figure 7).
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Figure 2. Leaf water potential as influenced by mean leaf angles and irrigation volumes at end of the
nursery phase. Croton floribundus (−56◦), Heliocarpus popayanensis (−54◦), Guazuma ulmifolia (−14◦),
Esenbeckia leiocarpa (31◦), Lafoensia pacari (38◦), Moquiniastrum polymorphum (42◦), Psidium cattleyanum
(55◦), Magnolia ovata (57◦), and Genipa americana (58◦). Different capital letters on the bars indicate
significant differences between mean leaf angles at the same irrigation volume by the Scott–Knott test
at 5% probability. Different small letters on the bars indicate significant differences between irrigation
volumes for the same mean leaf angle by the Scott–Knott test at 5% probability. Error bars denote the
standard error.
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Figure 3. Carotenoids content of tree seedlings as influenced by mean leaf angles and irrigation
volumes at the end of the nursery phase. Croton floribundus (−56◦), Heliocarpus popayanensis (−54◦),
Guazuma ulmifolia (−14◦), Esenbeckia leiocarpa (31◦), Lafoensia pacari (38◦), Moquiniastrum polymorphum
(42◦), Psidium cattleyanum (55◦), Magnolia ovata (57◦), and Genipa americana (58◦). Different capital
letters on the bars indicate significant differences between mean leaf angles at the same irrigation
volume by the Scott–Knott test at 5% probability. Different small letters on the bars indicate significant
differences between irrigation volumes for the same mean leaf angle by the Scott–Knott test at 5%
probability. Error bars denote the standard error.
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Figure 4. Chlorophyll a content of tree seedlings as influenced by mean leaf angles and irrigation
volumes at the end of the nursery phase. Croton floribundus (−56◦), Heliocarpus popayanensis (−54◦),
Guazuma ulmifolia (−14◦), Esenbeckia leiocarpa (31◦), Lafoensia pacari (38◦), Moquiniastrum polymorphum
(42◦), Psidium cattleyanum (55◦), Magnolia ovata (57◦), and Genipa americana (58◦). Different capital
letters on the bars indicate significant differences between mean leaf angles at the same irrigation
volume by the Scott–Knott test at 5% probability. Different small letters on the bars indicate significant
differences between irrigation volumes for the same mean leaf angle by the Scott–Knott test at 5%
probability. Error bars denote the standard error.
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Figure 5. Chlorophyll b content of tree seedlings as influenced by mean leaf angles and irrigation
volumes at the end of the nursery phase. Croton floribundus (−56◦), Heliocarpus popayanensis (−54◦),
Guazuma ulmifolia (−14◦), Esenbeckia leiocarpa (31◦), Lafoensia pacari (38◦), Moquiniastrum polymorphum
(42◦), Psidium cattleyanum (55◦), Magnolia ovata (57◦), and Genipa americana (58◦). Different capital
letters on the bars indicate significant differences between mean leaf angles at the same irrigation
volume by the Scott–Knott test at 5% probability. Different small letters on the bars indicate significant
differences between irrigation volumes for the same mean leaf angle by the Scott–Knott test at 5%
probability. Error bars denote the standard error.
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Figure 6. Anthocyanins content of tree seedlings as influenced by mean leaf angles and irrigation
volumes at the end of the nursery phase. Croton floribundus (−56◦), Heliocarpus popayanensis (−54◦),
Guazuma ulmifolia (−14◦), Esenbeckia leiocarpa (31◦), Lafoensia pacari (38◦), Moquiniastrum polymorphum
(42◦), Psidium cattleyanum (55◦), Magnolia ovata (57◦), and Genipa americana (58◦). Different capital
letters on the bars indicate significant differences between mean leaf angles at the same irrigation
volume by the Scott–Knott test at 5% probability. Different small letters on the bars indicate significant
differences between irrigation volumes for the same mean leaf angle by the Scott–Knott test at 5%
probability. Error bars denote the standard error.
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Figure 7. SPAD values of tree seedlings as influenced by mean leaf angles and irrigation volumes at
the end of the nursery phase. Croton floribundus (−56◦), Heliocarpus popayanensis (−54◦), Guazuma
ulmifolia (−14◦), Esenbeckia leiocarpa (31◦), Lafoensia pacari (38◦), Moquiniastrum polymorphum (42◦),
Psidium cattleyanum (55◦), Magnolia ovata (57◦), and Genipa americana (58◦). Different capital letters on
the bars indicate significant differences between mean leaf angles at the same irrigation volume by the
Scott–Knott test at 5% probability. Different small letters on the bars indicate significant differences
between irrigation volumes for the same mean leaf angle by the Scott–Knott test at 5% probability.
Error bars denote the standard error.
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For each mean leaf angle, the Pearson’s correlation coefficient between each total
nutrient content and irrigation volume was significant for most nutrients. When significant,
for leaf angles of −14◦ and −56◦, the correlation coefficient was positive, i.e., an increase
in irrigation volume increased the total nutrient content. For leaf angles of 58◦, 57◦, 55◦,
42◦, 38◦, 31◦, and −54◦, the correlation coefficient was negative, i.e., total nutrient content
decreased as irrigation volume increased (Figure 8).
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Figure 8. Pearson’s correlation coefficient between irrigation volumes and content of nutrients
in each mean leaf angle at the end of the nursery phase. Croton floribundus (−56◦), Heliocar-
pus popayanensis (−54◦), Guazuma ulmifolia (−14◦), Esenbeckia leiocarpa (31◦), Lafoensia pacari (38◦),
Moquiniastrum polymorphum (42◦), Psidium cattleyanum (55◦), Magnolia ovata (57◦), and
Genipa americana (58◦). ns = no significant correlation, * = significant correlation at 5% probabil-
ity, and ** = significant correlation at 1% probability.

3.2. Seedling Growth Performance after Planting in Pot

The height and stem diameter of the species at the end of the nursery phase followed
a pattern similar to that of the physiological attributes in response to the irrigation volumes
applied, i.e., the 8 mm irrigation volume produced higher growth seedlings when the leaf
angles were 58◦, 57◦, 55◦, 42◦, 38◦, 31◦, and −54◦, while a 14 mm irrigation volume was
necessary for the mean leaf angles of −14◦ and −56◦.

After planting, the effect of the treatments applied during the nursery phase influenced
the performance of the potted seedlings to different extents. Regarding height, the effect
of irrigation volumes remained significant up to 120 days after planting at leaf angles of
57◦ and 58◦; 42◦ (90 days); 38◦, 31◦, and −14◦ (60 days); and −54◦ and −56◦ (30 days). The
55◦ mean leaf angle was the only one where irrigation volumes differed only at the time of
planting (Figure 9).

For stem diameter, there was a difference between the irrigation volumes applied
during the nursery phase until 120 days after planting for the species with an angle of
42◦; −14◦ and 57◦ (60 days); and −54◦ and 55◦ (30 days). For leaf angles of 58◦ and 31◦,
irrigation volumes did not differ between 30 and 90 days after planting; however, they
differed again at 120 days. The species with angles of −56◦ and 38◦ were the only species
in which the irrigation volumes applied during the nursery phase differed only at the time
of planting (Figure 10).
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Figure 9. Height (cm) of tree seedlings until 120 days after planting in pots as influenced by treatments
applied during the nursery phase. (a) Genipa americana (58◦), (b) Magnolia ovata (57◦), (c) Psidium
cattleyanum (55◦), (d) Moquiniastrum polymorphum (42◦), (e) Lafoensia pacari (38◦), (f) Esenbeckia leiocarpa
(31◦), (g) Guazuma ulmifolia (−14◦), (h) Heliocarpus popayanensis (−54◦), and (i) Croton floribundus
(−56◦). Different letters on the lines indicate significant differences between irrigation volumes in the
same month by the Scott–Knott test at 5% probability.
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Figure 10. Stem diameter (mm) of tree seedlings until 120 days after planting in pots as influenced
by treatments applied during the nursery phase. (a) Genipa americana (58◦), (b) Magnolia ovata
(57◦), (c) Psidium cattleyanum (55◦), (d) Moquiniastrum polymorphum (42◦), (e) Lafoensia pacari (38◦),
(f) Esenbeckia leiocarpa (31◦), (g) Guazuma ulmifolia (−14◦), (h) Heliocarpus popayanensis (−54◦), and
(i) Croton floribundus (−56◦). Different letters on the lines indicate significant differences between
irrigation volumes in the same month by the Scott–Knott test at 5% probability.



Forests 2023, 14, 1042 13 of 20

4. Discussion
4.1. Physiological Quality of Seedlings

Irrigation water capture and its direction to the substrate is hindered by seedling
species with negative mean leaf angles (−14◦ and −56◦), their leaf area, and the spatial dis-
tribution of leaves (extended their leaves downwards of the stem) (Figure 11a,b); therefore,
to achieve less negative leaf water potential and to increase the daily transpiration rate, a
14 mm irrigation volume is required to compensate for the uncaptured water.
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Figure 11. Irrigation water capture by seedling species with negative mean leaf angles. (a) Leaf angle,
leaf area, and spatial distribution of leaves in Guazuma ulmifolia (−14◦) and (b) Croton floribundus
(−56◦) hinder the access of irrigation water to the substrate. (c) Leaf angle, small leaf area, and spatial
distribution of leaves in Heliocarpus popayanensis (−54◦) facilitate the access of irrigation water to
the substrate.

These results are in accordance with the study of [46], i.e., for species with negative
mean leaf angles of −1◦ and −64◦, the smallest irrigation volume (6 mm) reduced the leaf
water potential, stomatal conductance, and daily transpiration rate. According to [47], the
leaf water potential indicates whether the physiological status of seedlings has deterio-
rated. In their review, leaf water potential had a 100% positive correlation with growth,
highlighting the importance of this attribute in assessing seedling quality. Furthermore,
leaf water potential shows interactions between water supply and plant water demand.
Even moderate stress, as caused by some of the treatments in this study, can cause stomatal
closure, reducing transpiration rates and photosynthesis [48–50].

Seedlings of Heliocarpus popayanensis (−54◦) showed different behavior from other
negative leaf angles, i.e., it was not necessary to apply a 14 mm irrigation volume to pro-
vide less negative leaf water potential and increase the daily transpiration rate. This was
due to the fact that this species had the smaller mean leaf area of all species tested here
(45.73 cm2; Table S8 available in Supplementary Materials) and concentrated their leaf area
in the upper half of the stem (Figure 11c), which facilitated the access of irrigation water
to the substrate and thus fully satisfied the water requirements of the seedlings with the
smaller irrigation volumes. These results are in accordance with [51], who recommended
that leaf angle measurements be combined with concurrent assessments of leaf traits
(e.g., leaf area and spatial distribution of leaves). These combinations would be help-
ful in further understanding the effects of leaf angle variation and water regime on
seedling quality.

For mean leaf angles of 57◦ and 31◦, the daily transpiration rate increased as the
irrigation volume increased from 8 mm to 10 mm, which did not differ significantly from
the other irrigation volumes. For mean leaf angles of 58◦, 55◦, 42◦, and 38◦, the 8 mm
irrigation volume was sufficient to maintain an adequate volume of water in the container,
so that daily transpiration rate and leaf water potential were not significantly different
from the larger irrigation volumes. Among these species, Moquiniastrum polymorphum (42◦)
had the higher midday leaf water potential values (ranging from −3.28 to −3.55 MPa).
Moquiniastrum polymorphum is a common species in dry forests and Cerrado, occurring both
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in the more open and in the more closed vegetation types of typical or forested savanna
and riparian forests [52] with fire resistance [53]. Drought-tolerant species function at low
plant water potentials by maintaining low osmotic potentials or by accumulating solutes in
response to stress [54]. They have the ability to maintain turgor, growth, and gas exchange
in very dry environments [55].

For mean leaf angles of −56◦ and −14◦, greater irrigation volumes were necessary to
achieve higher pigment contents and SPAD values. This indicates that the application of
smaller irrigation volumes could not fully meet the water and nutrient requirements of these
seedlings (Figure 11a,b). During the stress period, carotenoids are associated with several
important physiological functions, including light harvesting and photoprotection [56,57].
In Erythrina velutina and Poincianella pyramidalis seedlings, the full recovery of photosynthe-
sis after rewatering was associated with enhanced photoprotection by carotenoids, ensuring
the resilience of these species in the face of periodic drought [58].

The effect of irrigation on chlorophyll and carotenoids content is controversial. In
seedlings of Picea abies [59], Pistacia lentiscus [60], Pachira aquatica [61], Prunus sargentii [62],
Populus nigra and Quercus brantii [63], drought stress caused a decrease in the concentrations
of chlorophylls and carotenoids, which may have a protective role in protecting the photo-
synthetic apparatus against drought-induced damage. In seedlings of Acacia arabica [64] and
Larix kaempferi [62], with higher water content, carotenoids and leaf chlorophyll were not
affected. Thus, pigment response to irrigation and water stress may vary among species.

For seedlings with leaf angles of 58◦, 57◦, 55◦, 42◦, 38◦, 31◦, and −54◦, the smallest
irrigation volume (8 mm) was sufficient to produce higher pigment contents and SPAD
values. The increase in irrigation volume at these leaf angles resulted in a loss of ions
and probably affected the biosynthesis of chlorophyll, carotenoids, and anthocyanins.
Mineral nutrition can affect the synthesis of these pigments. It also significantly affects the
dynamics of leaf surface formation and its extent, which is reflected in the photosynthetic
potential and net photosynthetic productivity. The only exception was the seedlings of
Lafoensia pacari (38◦), which did not produce any anthocyanins content in any of the
irrigation volumes. This result is in accordance with the studies of [65,66], where no
anthocyanins and anthocyanidins (non-glycosylated form of anthocyanins) were found in
the phytochemical profile of the hydroalcoholic extract of the leaves of Lafoensia pacari.

Of all the macronutrients, nitrogen has the greatest influence on plant development in
general [67]. Furthermore, in tree species, the nitrogen concentration has been correlated
with the chlorophyll content and the SPAD value [68–74], allowing the use of SPAD as a
rapid and reliable diagnostic tool to predict nitrogen status in forest nurseries [75].

To develop large-scale nursery production practices that improve seedling quality
at reduced cost, more knowledge is needed on irrigation and nutrient management in
container seedlings [76–79]. For mean leaf angles of−14◦ and−56◦, an increase in irrigation
volume increased all the total macronutrient and micronutrient contents, except B and
Fe, which were not significantly correlated. This indicates that the application of smaller
irrigation volumes at these angles has difficulty reaching the substrate surface, which likely
causes a reduction in ion contact with the roots (Figure 11a,b).

According to [80], it is necessary to apply greater irrigation volumes (e.g., 10, 12, and
14 mm) in Eucalyptus grandis seedlings to achieve higher nutrient contents. Optimal nutrient
reserves can increase shoot growth during the field establishment phase. Seedlings with
optimum nutrient reserves before planting had a positive relationship with shoot growth
in 78% of the studies reviewed by [47]. In addition, high nutrient content in pine seedlings
developed larger root systems by maintaining a greater number of growing roots rather
than by increasing the elongation rate of individual roots, which can be interpreted as a
strategy to maximize foraging efficiency [81].

At mean leaf angles of 58◦, 57◦, 55◦, 42◦, 38◦, 31◦, and−54◦, all total macronutrient con-
tents, except Ca and Mg in Psidium cattleyanum (55◦), were reduced with greater irrigation
volumes. In these species, 75.6% of the micronutrients were also reduced with increased
irrigation volumes. It is not easy to perform efficient fertilization practices that deliver



Forests 2023, 14, 1042 15 of 20

nutrients at the right time; however, new irrigation and fertilization strategies are being
sought by commercial forest nurseries and researchers to improve fertilizer application and
minimize negative adverse effects [82].

4.2. Seedling Growth Performance after Planting in Pot

Seedling quality is the key to successful active forest restoration programs, and es-
pecially under climate change [83–85], it has an important function in plant survival and
growth [86–89]. Seedling quality assessment has evolved to consider various morphological
and physiological measurement protocols in the nursery to predict future planting perfor-
mance [90,91]. Thus, intrinsic growth potential is related to physiological and morphologi-
cal seedling attributes and their eco-physiological behavior toward site characteristics [92].

We show that the duration of treatment effects applied at the nursery phase on the
seedling growth performance after potting was variable. On the other hand, it is important
to emphasize that for all species, up to 120 days after planting in pots, the effect of the
irrigation volume that provided greater growth and physiological quality at the end of the
nursery phase was not overcome by the other irrigation volumes applied (p < 0.05).

A positive correlation between the initial seedling height and stem diameter and
subsequent growth after planting was found in 70% and 91% of the studies reviewed
by [47], respectively. The height advantage is relevant on soils without water and nutrient
deficits because the competition for light between seedlings and the site vegetation is the
main factor limiting seedling development [93,94]. As a result of limited sunlight and
depleted upper-profile soil moisture in areas of high vegetative competition, reductions
in seedling carbon gain corresponded to substantial increases in seedling mortality and
establishment failure [95,96]. Researchers agree on the importance of considering stem
diameter as the best morphological attribute to predict seedling growth [97–101], especially
under dry soil conditions [102].

The height and stem diameter of each species at the end of the nursery phase followed
a similar pattern to that of the physiological attributes in response to the irrigation volumes
applied. This correspondence between the physiological and morphological attributes was
a relevant finding because quantifying the benefits of physiological plant attributes is a
very narrow window.

For most nursery management programs, rapid and non-destructive morphological
measurements are still best suited [103]. This is because seedling survival and subsequent
establishment after planting depend not only on their physiological status but also on
their morphological characteristics, ability to root, and eco-physiological response [104].
With this understanding, growers can implement appropriate nursery practices to improve
seedling physiological functioning and morphological development [105].

5. Conclusions

Leaf angle can be used as a criterion to optimize irrigation in forest nurseries, prevent
water and fertilizer wastage, and increase physiological tree seedling quality. Leaf angle
measurements combined with concurrent assessments of leaf traits (e.g., leaf area and
spatial distribution of leaves) are helpful in further understanding the effects of leaf angle
variation and water regime on seedling quality.

Water access to the substrate is facilitated by tree seedlings with positive mean leaf
angles; thus, an irrigation volume of 8 mm is sufficient to increase physiological tree
seedling quality. Conversely, negative mean leaf angles show the opposite response,
requiring the largest irrigation volume (14 mm) to increase physiological tree seedling
quality, except when the mean leaf area is small and concentrated in the upper half of
the stem, which facilitates the access of irrigation water to the substrate and thus satisfies
seedling water requirements.

For all species, up to 120 days after planting in pots, the effect of the irrigation volume
that provides greater growth and physiological quality at the end of the nursery phase is
not overcome by the other irrigation volumes applied, highlighting the benefits of applying
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the correct irrigation volume in tree seedlings. Furthermore, the height and stem diameter
of tree seedling species at the end of the nursery phase in response to irrigation volume
show a similar pattern to physiological attributes, facilitating the creation of operational
procedures for active forest restoration.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f14051042/s1: Table S1: Analysis of variance (ANOVA) for the
daily transpiration rate of tree seedlings as influenced by mean leaf angles and irrigation volumes at
the end of the nursery phase; Table S2: Analysis of variance (ANOVA) for the leaf water potential
of tree seedlings as influenced by mean leaf angles and irrigation volumes at the end of the nursery
phase; Table S3: Analysis of variance (ANOVA) for the carotenoids content of tree seedlings as
influenced by mean leaf angles and irrigation volumes at the end of the nursery phase; Table S4:
Analysis of variance (ANOVA) for the chlorophyll a content of tree seedlings as influenced by mean
leaf angles and irrigation volumes at the end of the nursery phase; Table S5: Analysis of variance
(ANOVA) for the chlorophyll b content of tree seedlings as influenced by mean leaf angles and
irrigation volumes at the end of the nursery phase; Table S6: Analysis of variance (ANOVA) for the
anthocyanins content of tree seedlings as influenced by mean leaf angles and irrigation volumes at
the end of the nursery phase; Table S7: Analysis of variance (ANOVA) for the SPAD values of tree
seedlings as influenced by mean leaf angles and irrigation volumes at the end of the nursery phase;
Table S8: Mean leaf area (cm2) at the end of the nursery phase of nine tree seedling species with
different mean leaf angles submitted to four daily irrigation volumes.
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