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Abstract: Light intensity is a critical factor regulating photosynthetic capacity in plants. However,
the effects of varying light intensity on morphological and photoprotective mechanisms in Pinus
massoniana seedlings have not been explored in depth, especially those in the first seedling growing
season. We measured the growth, photosynthetic physiology, biochemistry, and chlorophyll fluores-
cence of P. massoniana seedlings at four light gradients: 100% relative irradiance (RI, full sunlight),
70% RI, 50% RI, and 20% RI. The seedling height at 70% RI was 9.27% higher than that at 100% RI.
However, seedling height was inhibited under low light intensity; at 20% RI, all seedlings died. The
decreasing light intensity inhibited ground diameter growth but increased the height-diameter ratio.
The secondary needle emergence rate was 53.4% higher at 70% RI than at 100% RI but was only 2%
at 50% RI. The chlorophyll and carotenoid contents increased significantly with decreasing light
intensity. The increased Chl b and Car contents promoted the photoreceptor potential of the violet
(400~420 nm), blue (440~480 nm), and yellow-orange (597~655 nm) regions in leaves. Among the
chlorophyll fluorescence parameters, Fv/Fm, Fv//Fm/, Y(II), gp, and ETR all reached maximum
values at 70% RI but were significantly lower at 50% RI than at 100% RI. However, decreasing the
light intensity caused a reduction in NPQ. The 70% RI level increased POD and SOD activity and
the contents of osmotic regulation substances and slowed MDA accumulation. Seedlings at 70%
RI had a higher growth rate, higher photosynthetic activity and potential, and significantly greater
stress resistance than the other seedlings. Therefore, appropriate shading measures were beneficial
to the cultivation of vigorous seedlings. Furthermore, spectral reflectance indexes were found to
be a suitable tool for monitoring the photosynthetic physiological characteristics, stress resistance
characteristics, and growth status of P. massoniana seedlings in real time.

Keywords: Pinus massoniana; light gradient; chlorophyll fluorescence; spectral index; photosynthetic
physiological; biochemical attributes

1. Introduction

Light is the environmental factor that most directly affects seedling survival and early
growth [1] and is also an important ecological factor in forest community succession [2]. The
complexity of forest ecosystems results in the creation of light gradients when vertical light
passes through the forest canopy, and the differences in the physiological and ecological
traits of seedlings under different light environments explain niche differentiation along the
succession axis to a large extent [3]. Nevertheless, the adaptation of plants to light gradients
limits not only the regulation of the photosynthetic capacity of individual leaves but also
the overall photosynthetic characteristics of seedlings. In both saplings and mature trees,
the light adaptation strategy of the leaves will directly determine the carbon acquisition
and energy distribution modes [4,5]. At present, light intensity regulation is considered
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an effective means to promote carbon transfer (organ construction or nutrient storage) in
nursery management for most crops and ornamental plants [6]. A change in light intensity
causes differences in the plant growth environment that have a significant influence on
plant morphology, photosynthetic characteristics, and development [7]. Therefore, species
tolerance to light gradients in early ontogenetic development has important guiding
significance for forest management, ecosystem restoration and horticultural cultivation.
Many species have been evaluated extensively in terms of the characteristics of plant
responses to different light conditions [8,9].

In forest nurseries, superior seedlings are cultivated for use as high-quality forest
saplings in the construction development of artificial forests and desertification control
projects [10]. However, the habitat changes caused by seasonal light environment condi-
tions result in high mortality in the seedling stage [11]. Therefore, seedling establishment is
a demographic bottleneck for plant regeneration, and the real-time monitoring of seedling
adaptability and plasticity under different ecological environments is conducive to cul-
tivating excellent seedlings and achieving precise forest management [12]. Plants are
organisms that are composed of a variety of modularized tissues. When the external light
environment poses a threat, plants activate defence responses in only the most valuable
modules and focus their captured defence resources on this par; however, not all tissue
modules are equally important [13]. Hence, the induction of plant defences against external
attacks is systematic, and changes in photoreceptor signals are helpful for understanding
the adaptability of plants under different light conditions. Summer is the peak period of
growth and development for most plants, and hot climate conditions are conducive to the
accumulation of biomass and vegetative growth [14]. For example, the differentiation of
bud organs in temperate species usually takes place in summer [15]. However, the higher
light intensity in summer is far beyond the capacity limits of plant photosynthetic organs,
and excessive light energy induces the activation of plant light protection mechanisms that
intensify thermal energy dissipation or increase reactive oxygen species (ROS) accumu-
lation [16]. Light stress can cause damage to the photosynthetic organs, membrane lipid
peroxidation, and even plant death in extreme cases [17]. Therefore, proper shading can
protect photosynthetic organs and facilitate photochemical reactions in plants [18].

Shading, an effective cultivation technique, reduces sunlight exposure, air tempera-
tures, and evapotranspiration while increasing relative humidity, and is widely used in
agricultural ecosystem management [19,20]. For forestry applications, shading significantly
improved the photosynthetic efficiency of photosystem II for subtropical trees [21], pro-
moted the germination and elongation of new leaves [22], and reduced the sunburn rate
in pitaya fruit [23]. Therefore, shading can be used as an effective method to evaluate the
potential physiological response of seedlings to light energy utilization. However, a pro-
longed period of insufficient light inhibits photosynthesis and reduces net carbon gains [24].
In contrast, under weak irradiance conditions, insufficient carbon accumulation severely
restricts plant growth [25]. Some studies have indicated that pioneer tree species cannot
adapt to weak irradiance environments [26], and seedling mortality increases significantly
when the light intensity is below 15% [27]. Currently, plant light stress response mechanism
is understood as follows: (1) Increasing non-photochemical quenching (NPQ) at high light
intensities uses too much light energy to release through thermal dissipation [28]. (2) Plants
adjust their photosynthetic pigment content to absorb more light quanta and increase their
photosynthesis rate at low light intensities [29,30]. (3) Under adverse light conditions,
excessive ROS can be removed by increasing antioxidant enzyme activity (superoxide
dismutase (SOD) and peroxidase (POD)), reducing malondialdehyde (MDA) accumulation,
and avoiding membrane lipid peroxidation and cell damage [31,32]. (4) Osmotic regulation
substances (soluble sugars (SS), soluble protein (SP) and RPO) are used to maintain the
level of cell osmotic potential in plants and improve the protective effect of biofilms [33,34].
Among these protection systems, the NPQ mechanism and ROS elimination capacity are
often used to detect plant adaptation levels under light stress [35,36]. The measurement of
conventional biochemical indexes is not conducive to the long-term monitoring of plant
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growth in the field [37]. As a consequence, it is imperative to accurately and effectively
evaluate the physiological status of seedlings.

Chlorophyll fluorescence measurement uses modulation and saturation pulse tech-
nology to continuously monitor plant photosynthetic activity on a long-term basis [38].
Chlorophyll fluorescence parameters are used mainly to measure the potential quantum
yield under high light intensity and shaded conditions to reflect the performance of plant
photosynthetic organs [39]. Because of its sensitivity and convenience, chlorophyll fluores-
cence measurement is often used for real-time plant growth monitoring in the field [40].
Optical remote sensing (RS) is a technique used in the rapid assessment of ecosystem status
and function [41]. Spectral reflectance measurements are rapid and non-invasive, which
gives them great application potential as an RS technology. Spectral reflectance has been
widely applied to assess plant responses to environmental changes [42,43] and is used as
a parameter to reflect the effects of long-term plant stress [44]. Vegetation indexes (VIs)
based on spectral reflectance ratios at different wavelengths as well as the water band
index (WBI) have been used to monitor indicators of the initial damage to a plant; as
indicators of green biomass (NDVI), the chlorophyll concentration (‘Red Edge” NDVI), the
structure-independent pigment index (SIPI), and the carotenoid and xanthophyll pigment
contents (CRI); and to evaluate plant physiology or stress responses (PRI) [45,46]. Spectral
reflectance, as a key light response feature, can be used to monitor plant responses to light
stress [47] and to further characterize the basic biological functions of plants [48].

Pinus massoniana Lamb. is the main pioneer tree species used for afforestation in
South China and is a typical heliophyte [49]. In the seedling stage, primary (juvenile) and
secondary (adult) needles are the main photosynthetic organs developed in their growth
cycle and play an adaptive role in responding to complex environments through seedling
ontogeny and species’ ecological niches [50]. After seed germination, with the elongation
of the cotyledon, the primary needles grow gradually from young stems that develop
from the growth point of the epicotyl; then, secondary needles grow in the axils of the
primary needles [51]. We found that current-year P. massoniana seedlings with secondary
needles exhibited less energy and thermal dissipation, more dry matter accumulation,
stronger drought resistance under severe drought stress, and faster response ability after
rehydration than those without secondary needles [52,53]. In the early stage of seedling
growth, especially during leaf morphological development, seedlings are easily affected
by the heterogeneity of the light environment caused by seasonal changes [54]. In the
present study, we focused on the seedling stage, which is highest to respond pressure. We
investigated the initiation of secondary needles in current-year seedlings under a light
gradient and performed quantitative analyses of the pigment contents, photosynthetic char-
acteristics, protective enzyme activity, and osmotic regulation substance contents during
seedling growth to test the following hypotheses: (1) during the whole growth season, from
cotyledon germination to the end of the seedling growth period, the seedlings would show
different responses and regulatory mechanisms in morphology and metabolic systems
along the light gradient, and (2) the change trend between the vegetation index and the
measured values would capture the intrinsic differences among seedlings, indicating the
feasibility of using spectral reflectance measurement technology to monitor the physiologi-
cal status of seedlings in real time. We foresee that spectral reflectance measurement may
be a useful tool to provide a theoretical scientific basis for seedling selection and precise
management in various habitats.

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

P. massoniana seeds were obtained from seed orchard in national base of improved
tree variety (26°9’ N, 107°18’ E, 920 m a.s.l.), located in Duyun, Guizhou Province, China.
The experiments were carried out in an outdoor field (26°26' N, 106°39’ E, 900 m a.s.l.) in
Guizhou University, Guiyang, China. Uniform current-year seedlings were transplanted
into nonwoven fabric containers (8.0 cm diameter, 12.0 cm height). The substrate mixture
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was a topsoil:humus:vermiculite mixture (2:1:1, v/v/v; pH 5.3) combined with manure.
The substrate mixture had an organic matter content of 76.84 g-kg~!, a total N content
of 0.78 g-kg~!, a total P content of 0.74 g-kg~!, and a total K content of 11.51 g-kg~; the
alkali-hydrolysed nitrogen, available phosphorus, and available potassium contents were
47.81,40.00 g-kg~!, and 80.00 mg-kg~!. During the experiment, the average temperature
was 23.2 °C, and the total precipitation was 500 mm. To prevent drought from affecting
seedling growth, seedlings were watered to field capacity once a day.

The experiment was carried out under a randomized completed block design consist-
ing of three blocks, with four light levels: 100% full sunlight (100% RI), 70% of full sunlight
(70% RI), 50% of full sunlight (50% RI), and 20% of full sunlight (20% RI). The 70% RI,
50% RI and 20% RI treatments were implemented with the use of neutral shade netting.
Shade nets of different densities were used to build shade shelters 2 m x 2m x 1.5 m,
length x width x height) that were placed with the seedlings in the central area (n = 50). A
total of 600 seedlings were treated. Spectral distribution of light under the shade nets was
measured for several days, during partly cloudy weather using a fiber-optic spectrometer
(Maya 2000 Pro, Ocean Optics Inc., Dunedin, FL, USA). The relative light intensity (%)
was measured at multiple random sites under the shade nets using an illumination metre
(LI-250A, Li-Cor Inc., Lincoln, NE, USA). The maximum light intensity in the natural
field was approximately 1382 or 188 umol-m~2 s~! on clear or overcast days from May
to September 2017, respectively. The shading experiments were conducted during the
summer (1 June through 31 August) in 2017. For the analyses of pigment contents and
photosynthetic characteristics, the topmost fully expanded needles were sampled from
different individuals in each treatment after exposure to the light treatments for 150 days.
All photosynthetic measurements were taken from 9:00-11:00 a.m. to avoid the midday
reduction in photosynthetic capacity.

2.2. Plant Growth Measurement

After 150 days of treatment, the number of seedlings with secondary needles was
counted. The height (cm) and ground diameter (mm) of seedlings with different foliage
types were measured with a ruler and Vernier calliper.

2.3. Spectral Reflectance

For the non-destructive leaf spectral reflectance measurements, a CI-710 (CID-Bio-
Science Inc., Camas, WA., USA) was used, which rapidly estimates plant spectral ab-
sorbance properties using published and accepted vegetation indexes (Table 1) [55]. The
CI-710 consists of two modules, a leaf probe and a linear CCD-based spectrometer, and it
has a wavelength range of 400-1000 nm, an optical sample size of 7.6 mm, and an optical
resolution of 1.5-2.0 nm full width at half maximum (FWHM). A computer program,
Spectra Snap, is used to set measurement parameters and display the spectral data. The
leaf probe is equipped with a tungsten-LED dual light source that provides a broad range
of wavelengths of light that are suitable for visible and near-infrared spectroscopy. The
light then passes through a bifurcated fibre optic cable and connects to one of two sampling
light ports on the side of the leaf probe for transmission or reflectivity measurements. Six
seedlings were randomly selected for measurement in each treatment, and the current-
year needles were arranged side by side in order to cover the whole leaf chamber for
the measurements.



Forests 2021, 12, 523

50f16

Table 1. Optimization of spectral parameters and calculation formula.

Spectrum Parameters Definition Reference
Carotenoid Reflectance Index CRI = (1/Rs519) — (1/Rs50) [56]
Structure Intensive Pigment Index SIPI = (Rggo — Ruaas)/(Rsoo + Reso) [45]
Red Edge Normalized Difference Vegetation Index RENDVI = (R750 — Ryps)/ (Rys0 + Ryp5) [57]
Normalized Difference Vegetation Index NDVI = (Rgpo — Res0)/ (Rsoo + Reso) [45]
Modified Red Edge Simple Ratio Index MRESRI = (Ryg5 — Raas)/ (R705/R4s5) [56]
Photochemical Reﬂectance Index PRI = (R531 — R570)/(R531 + R570) [58]
Water Band Index WBI = (Ro70/Rogg) [58]

In the formula, R stands for reflectivity, and the subscript number stands for spectral wavelength.

2.4. Chlorophyll Fluorescence Parameters

According to the method of Guo et al. [59], the chlorophyll fluorescence parameters
of needles under different light intensities were measured using a MONITORING-PAM
(Heinz Walz GmbH, Effeltrich, Germany), and the spectral parameters were obtained at the
same time. The dark adaptation period before the measurement was 35-40 min, and then a
PIN-photodiode with an extended pass filter and the MONI-HEAD /485 of the integrated
optical quantum sensor were connected with the sample clamp equipped with a scattering
disk. The needles were fully spread throughout the sample clamp with PAM modulation,
and the measurement data were transmitted to the computer through MONI-IB4 and
MONI-DA. Finally, the fast chlorophyll fluorescence curves and the rapid optical response
curves (RLCs) were simulated in WinControl-3 software. The maximum photochemical
efficiency (Fv/Fm) [60], effective photosynthetic quantum yield (Fv'/Fm’) [61], actual
quantum yield [Y(II)] [62], photochemical quenching coefficient (qp), non-photochemical
quenching coefficient (NPQ) [63], and maximum relative electron transfer rate (ETRmax)
were obtained from OJIP curves and RLCs.

2.5. Pigment Analysis

The photosynthetic pigment contents of the needles were measured using spectropho-
tometry (UV-2100, UNICO, Princeton, NJ, USA). Fresh, south-facing needles were collected
and quickly packed into a self-sealing bag and brought back to the laboratory in an icebox.
The photosynthetic pigment contents were determined by acetone extraction [64]. The
chlorophyll extract was subsequently injected into a spectrophotometer using the energy
spectrum from 470 to 662 nm to assess the photosynthetic pigment content (mg-g~1);
each treatment had six replicates. The chlorophyll a (Chl a), chlorophyll b (Chl b), To-
tal chlorophyll (Chl c), and carotene (Car) contents were calculated according to the
following formulas:

Chl a (mg/mL) = 11.75 Aggp — 2.35 Agas 1

Chlb (mg/mL) = 18.61 Agss — 3.96 Agsp 2)

Chl ¢ (mg/mL) =Chla+ Chlb ©)]

Car (mg/mL) = (1000 Ag7p — 2.27 Chla — 81.4 Chl b)/227 4)
Pigment contents (mg/g) = (CxV)/(W x 1000) (5)

where Aggp, Agas, and Ayzg are the light absorption at 662, 645, and 470 nm, respectively; V
(mL) is the volume of the extract, and W (g) is the weight of fresh needles.

2.6. Determination of Osmotic Regulation Substances and Lipid Peroxidation

The treatment material collection method was the same as that used for the deter-
mination of pigment content, and then, the SS content was determined by the anthrone
colorimetric method [65]. Fresh samples (0.2 g) were weighed out, cut into pieces, and
blended in a graduated test tube. Distilled water (10 mL) was added to the cylinder, the
cylinder was sealed, and the mixture was boiled for 30 min. After cooling, the reagent was
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filtered into a 25 mL volumetric flask, and the volume was adjusted. Then, 0.5 mL of the
reagent was transferred into a 10 mL test tube, as well as 5 mL anthrone solution, mixing
with shaken. The mixture was placed in a boiling water bath for 10 min and absorbance
read at 620 nm. The SS content calculation formula was

SS (%) = [(C-Vt)/(V-W-10°)] x 100% (6)

where C represents the SS content of the extract in pug, which is derived from the standard
curve; Vt represents the total volume of the extract, mL; V represents the volume absorbed
during the determination, mL; and W is the sample weight, g.

The content of SP was measured by the Coomassie brilliant blue G-250 staining
method and was measured spectrophotometrically at 595 nm [66]. The content of free
proline (PRO) was measured by the ninhydrin colouration method and was measured
spectrophotometrically at 520 nm [67]. MDA accumulation was determined by a thiobarbi-
turic acid reactive substances assay and was measured spectrophotometrically at 532 and
600 nm [68].

2.7. Activities of Antioxidant Enzymes

POD activity was determined according to a previously described method [69]. First,
0.3 g of fresh sample was weighed, and 0.1 mol/L phosphate buffer (pH = 6.0) was added
and then ground into a homogenate on an icebox. After centrifugation at 10,000 r/min for
10 min, the supernatant was extracted for preservation. The enzyme solution (1 mL) was
absorbed into the colourimetry tube, and the control was 1 mL 0.1 mol/L phosphate buffer
(pH = 6.0). Then, 3 mL reaction mixture was added. The reaction mixture contained 50 mL
0.1 mol/L phosphate buffer (pH = 6.0) and 28 uL guaiacol dissolved into the buffer mixed
evenly with 19 uL 30% hydrogen peroxide. The OD value was measured at 470 nm every
minute for 5 times. The calculation formula was

POD activity [U/(g-min)] = (AA47p-Vt)/(W-Vs-0.01-T) (7)

where AAyyp represents the change in the OD value during the reaction time, Vt represents
the total volume of the extracted enzyme solution, mL; W is the sample weight, g; Vs is the
extracted enzyme liquid volume, mL; and T is the reaction time, min.

SOD activity was measured spectrophotometrically at 560 nm [70].

2.8. Statistical Analysis

Microsoft Excel (2016) was used for preliminary statistics. The significance of the results
was checked by using the least-significant difference (LSD) test and Tukey—Kramer comparison
at least at the 5% level with SPSS 20.0 (SPSS, Chicago, IL, USA) via one-way analysis of
variance (ANOVA). Origin 8.5 (OriginLab Corporation, Northampton, MA, USA) was used to
plot the data.

3. Results
3.1. Effects of Light Conditions on Morphological Characteristics

As shown in Table 2, there were significant differences in the morphological indexes
of P. massoniana seedlings, all of which were affected by the RI treatments. The seedlings
treated with 20% RI all died. The seedling height at 70% RI was significantly higher than
that at 100% RI, while the seedling height at 50% RI was significantly lower than that
at 100% RI. At 70% RI and 50% RI, the ground diameters of seedlings were significantly
lower than at 100% RI, decreasing by 12.33% and 35.62%, respectively. Compared with
that at 100% RI, the height-diameter ratios at 70% RI and 50% RI were 1.25 and 1.31 times
higher, respectively. The results showed that an appropriate light intensity was beneficial
to seedling height growth, while long-term exposure to low light intensity inhibited the
longitudinal growth and diameter of the seedlings. The percentage of seedlings with
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secondary needles at 100% RI was 24.33%, that at 70% RI was 37.33% (53.43% higher), and
that at 50% RI was only 2.00%.

Table 2. Comparison of P. massoniana seedling growth under different light treatments (means =+ SD).

Treatment Seedling Ground Height/Diameter Seedlings with Secondary
Height/cm Diameter/mm Ratio Needles/%
100% RI 1241 £0.82b 146 £0.11a 8.50 £ 0.56 b 2433 +3.78Db
70% RI 13.56 +0.88 a 1.28 £ 0.06 b 10.59 +0.74 a 3733 £4.62a
50% RI 10.49 £ 049 ¢ 0.94 +0.06 c 11.16 £0.37 a 2.00+0.01c
20% RI — - - —

Different letters indicate significant differences (p < 0.05) between different light intensities according to ANOVA and an LSD test, n = 30;
“—" means all seedlings had died. Abbreviations: RI, relative irradiance.

3.2. Effects of Light Conditions on Pigment Contents

There were significant differences (p < 0.05) in pigment content under the different
light treatments (Figure 1). The Chl a contents at 70% RI and 50% RI were 59.02% and
80.33% higher, respectively, than that at 100% RI. The content of Chl b increased signifi-
cantly at 70% RI, to 1.69 times that at 100% RI. At 70% RI and 50% RI, the total pigment
contents of the needles were significantly higher than that at 100% RI. The variation
trend of Car content under different light treatments was consistent with that of Chl b,
i.e., 70% RI > 50% RI > 100% RI. The results showed that the decrease in light intensity
promoted the accumulation of photosynthetic pigments.

3.5

| [ 100% R1 [N 70% R [ 50% RI

a

0 g
n o
1 1

!\)
(=
1

—_
(=)
1

Photosynthetic pigment content (mg-g™")
& 0
1 1

(=]
(=)
]

Chl a Chl b Chlc Car

Figure 1. Photosynthetic pigment content in needles under different light treatments (means +
SDs), n = 6. Abbreviations: R, relative irradiance; Chl a, chlorophyll a; Chl b, chlorophyll b; Chl c,
total chlorophyll; Car, carotene. Significant differences are indicated by different lowercase letters:
p <0.05.

3.3. Spectral Reflectance Analyses

The percentage of each wavelength range of the total photon flux from 400 to 800 mm
was counted, and the results showed no significant differences between the shade treat-
ments (Table 3). The overall variation trends of the spectral reflectance curves of P. masso-
niana seedling needles under different light treatments were consistent (Figure 2A), but
there were significant differences in single wavelengths within the visible light spectrum
(Figure 2B). The spectral reflectance characteristics of P. massoniana seedling needles were
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as follows: there were two high absorption wavelengths, one in the blue-violet region from
400 to 480 nm and one in the red region near 680 nm, exhibiting a trough shape; the spectral
reflectance values were lower than 0.1 under the different light treatments. Near the green
region from 500 to 600 nm, a wave crest appeared due to the enhanced reflection effect.
There was a higher peak in the near-infrared region extending from 750 to 1000 nm due
to the occurrence of less pigment absorption and increased reflection. The visible region
extended from 400 to 700 nm at 70% RI and 50% RI, which resulted in reduced reflectance
values in the violet (400—420 nm), blue (440-480 nm), and yellow-orange (597-655 nm)
regions. In addition, the spectral reflectance of the green region from 492 to 577 nm and
the near-infrared region from 700 to 1000 nm were significantly lower at 70% RI and 50%
RI than at 100% RI. In addition, the shade net did not change the proportion of different
wavelength ranges when the light through it (Table 3). The results suggest that exposure to
these light conditions for a long time would lead to changes in the ability of seedlings to
respond to parts of the light spectrum.

Table 3. The proportion of different light wavelength ranges in the light treatments.

Treatment 400-500 nm 500-600 nm 600-700 nm 700-800 nm 660-680 nm/720-740 nm
Blue Green/Yellow-Orange Red Far-Red Red/Far-Red
100% RI 3241 22.48 20.87 24.24 0.899
70% RI 32.41 22.48 20.87 24.24 0.899
50% RI 32.39 22.46 20.89 24.26 0.899

The values represent the percentage of different light wavelength range of natural light from 400 to 800 nm (umol-m~2-s~1-nm™1).
Abbreviations: R, relative irradiance. Follow the spectral described method of Riikonen et al. [71].

80

25

A —— 100% RI —— 70% RI —— 50% RI B — 100% RI —— 70% RI —— 50% RI
70
20
60 -
X
° S
% 50 - g . fw\m,nh
51 a5 N "
= s / k!
£ 40 2 J Y,
840 = / ", /
5 S [ i ' |
& Wl &0k ww W%N% My N,‘» |
/JV‘ o o bl ”«'ﬂm” \¢ \MW‘ AYMR “""5
Al by STV If
20 H A i ol
/ | [l g
10 H
0 1 1 1 1 1 0 1 1 1 1 1
400 500 600 700 800 900 1000 400 450 500 550 600 650 700
Wavelength/nm Wavelength/nm

Figure 2. The mean spectral reflectance curves for P. massoniana seedling needles at 400-1000 nm (A) and within the visible
light spectrum at 400-700 nm (B) under different light treatments (n = 6). Abbreviations: R, relative irradiance.

3.4. Effects of Light Conditions on Spectral Reflectance Indexes

Spectral reflectance parameters reflect the spectral characteristics of plants responding
to natural light, and vegetation indexes estimated by spectral reflectance parameters can
represent the current growth status of plants (Table 4). The different light conditions had
significant effects on the spectral reflectance indexes of P. massoniana seedlings (p < 0.05).
The CRI, SIPI, MRESRI, and WBI showed the same change trend, with significant differ-
ences among light treatments; the values of these indexes at 70% RI were the highest, and
those at 100% RI were the lowest. With the decrease in light intensity, NDVI and PRI first
increased and then decreased, while RENDVI significantly increased.
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Table 4. Comparison of the spectral parameters of leaves under different light treatments (means + SDs).

Treatment CRI SIPI RENDVI NDVI MRESRI PRI WBI
100% RI 0.048 £0.003c  0.787 £0.012¢  0.434 £0.018b 0.815+0.019b 4362 £0.625c¢  0.045+0.002b  1.026 +0.035 ¢
70% RI 0.081 = 0.006a 0.854 £0.009a 0.589 £0.028a 0942 £0.056a 5.269 £1.158a 0.071 £0.009a 1.317 £0.076 a
50% RI 0.064 £0.007b  0.819 £0.008b  0.594 £0.035a 0.723 £0.041c 4859 £0985b 0.038 £0.011c 1.172+0.102b

Different letters indicate significant differences (p < 0.05) between different light intensities according to ANOVA and the LSD test, n = 6.
Abbreviations: R, relative irradiance; CRI, Carotenoid Reflectance Index; SIPI, Structure Intensive Pigment Index; RENDVI, Red Edge
Normalized Difference Vegetation Index; NDVI, Normalized Difference Vegetation Index; MRESRI, Modified Red Edge Simple Ratio Index;
PRI, Photochemical Reflectance Index; WBI, Water Band Index.

3.5. Chlorophyll Fluorescence Parameters under Different Light Conditions

The fluorescence induction and light response parameters of P. massoniana seedlings
differed significantly under the different light treatments (Figure 3A,B). Fv/Fm reflects
the potential maximum photosynthetic capacity of plants; it reached 0.82 at 70% RI, which
is significantly higher than that at 100% RI but significantly lower than that at 50% RI.
Fv//Fm’ and Y(II) presented a similar change trend. These values indicate that moderate
light intensity could improve the primary light capture efficiency of the PS reaction cen-
tre for needles, but that inhibition would occur under weak light. qp, represents plants’
photosynthetic activity, and NPQ reflects the capacity for thermal dissipation by plants in
response to high light intensity. Compared with 100% RI, 70% RI improved the photosyn-
thetic activity of seedlings. Moreover, 70% RI caused a reduction in the thermal dissipation
of energy (Figure 3A). The ETRmax at 70% RI reached 136.9 pmol-m~—2-s~!, which was
1.30 and 2.19 times that at 100% RI and 50% RI, respectively. At 70% RI and 100% RI, the
ETR tended to be stable when PAR > 825 umol-m~2-s~!, while it tended to stabilize at
675 umol-m 2.5~ at 50% RI. This indicated that an appropriate, moderate light intensity
helped to improve the ETR in needles so that more electrons were used in photochemical
reactions; in contrast, under low light, the seedlings easily reached a saturation level of
light intensity under low light (Figure 3B).
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Figure 3. Comparison of chlorophyll fluorescence parameters of P. massoniana seedlings under different light treatments
(means =+ SDs), n = 6. The letters denote: (A) the slow induction kinetics parameters of dark-adapted leaves; (B) relative
electron transfer rate of PSII at 0-1500 umol-m~2.s~1. Abbreviations: RI, relative irradiance; Fv/Fm, maximum photochemi-
cal efficiency; Y(II), actual quantum yield; qp, photochemical quenching; NPQ, non-photochemical quenching; ETR, relative
electron transfer rate. Significant differences are indicated: p < 0.05.

3.6. Physiological and Biochemical Properties at Different Light Intensities

The POD and SOD activity in P. massoniana seedling needles first increased and then
decreased with decreasing light intensity from 100% RI to 50% RI (Figure 4A,B). POD and
SOD activity reached 107.22 U-g~!-min~! and 204.33 U-g~! at 70% RI, which were 1.75 and



Forests 2021, 12, 523

10 of 16

1.50 times that at 100% RI and 1.21 and 1.13 times that at 50% RI, respectively. Moreover,
long-term illumination deficiency led to increased MDA accumulation (Figure 4C); this
results in the accumulation of excessive oxygen free radicals that cannot be removed by
protective enzymes, thus weakening the ability of seedlings to resist adverse conditions.
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Figure 4. Comparison of protective enzyme activity, MDA content, and osmotic regulating substances in seedlings under
different light treatments (means + SDs), n = 6. Abbreviations: RI, relative irradiance. The letters denote: (A) POD,
peroxidase (U- g*1 -min~1); (B) SOD, superoxide dismutase (U- gfl); (C) MDA, malondialdehyde (nmol- gfl); (D) SS, soluble
sugar (%); (E) SP, soluble protein (mg: g_l) ; (F) PRO, proline (ug- g_l). Significant differences are indicated by different

letters (a, b and ¢): p <

0.05.

The different light treatments significantly influenced the SS, SP, and PRO contents in
needles (Figure 4D-F). Among them, SS, SP, and PRO accumulated the most at 70% RI, to
1.58, 2.23 and 1.59 times higher than at 100% RI and 1.73, 2.33, and 1.28 times higher than
at 50% RI, respectively. Compared with those at 100% RI, the SS content at 50% RI was
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significantly lower (p < 0.05); the SP content decreased slightly but not significantly; and
the PRO content increased significantly (p < 0.05).

4. Discussion

Light intensity is a crucial environmental factor that influences photosynthesis in
green plants and is closely related to their growth and morphological formation [62].
Spectral reflectance data are indispensable for confirming the quantitative and qualitative
relationships between optical properties and plant growth status [72]. To the best of our
knowledge, this study is the first to correlate spectra with the responses of the pigment
content and photosynthetic characteristics of P. massoniana seedlings to different light
intensities. Our results show that P. massoniana seedlings differed in growth strategies across
light intensities. Compared with that at 100% RI, ground diameter growth slowed with the
decrease in light intensity, especially at extremely low light intensity; all the seedlings died
at the lowest light intensity, indicating that P. massoniana seedlings cannot adapt to low light
conditions. Some studies have suggested that appropriate shading can effectively prevent
photoinhibition in seedlings caused by excess light, and Torreya grandis seedlings under
moderate light intensity had the highest photosynthetic rate and substance accumulation
in a previous study [73]. At 70% RI, the seedlings showed “slender” morphological
characteristics, but the germination of secondary needles was accelerated. Studies of
some tree seedlings have shown that partial shading is needed for plants to achieve
higher survival rates, and shade tolerance in seedlings is connected with conservative
carbon allocation patterns [74,75]. Under moderate light intensity, the plants can expand
their light-receiving area in both the vertical and horizontal directions by increasing their
height/diameter ratio and crown width [76]. We suspect that at 70% RI, the seedlings
increased the amount of emerging secondary needles to increase the photosynthetic area of
each layer of foliage. On the other hand, by reducing the energy distribution to the ground
diameter accordingly, the seedlings used as much photosynthetic product as possible for
vertical growth to obtain more lights from their crown width; this could be interpreted
as a growth strategy for rapid resource acquisition and consumption. However, long-
term exposure to insufficient light directly inhibits the seedling growth rate and carbon
accumulation; hence, seedlings tend to adopt conservative growth strategies for slow
resource acquisition and consumption [77]. Our results demonstrate that moderate light
intensity was beneficial to the production of secondary needles (mature foliage), which
were conducive to seedling growth. This finding can be applied in seedling cultivation
management. However, the secondary needles on seedlings have not yet formed into
functional leaves.

Leaf spectral reflectance is an apparent bio-optical property, and it varies largely in
response to changes in plant internal metabolic indexes [78]. Studies have found that peak
gains in shoot components were observed in Pinus sylvestris and Betula seedlings grown
under red (660-680 nm) and blue light depletion, which was thought to be related to the
efficiency with which Chl a and Chl b absorb the light spectrum [79]. In this study, we
found that decreasing the light intensity reduced the spectral reflectance of needles in the
violet (400—420 nm), blue (440-480 nm), yellow-orange (597-655 nm), and near-infrared
(750-1000 nm) regions. The photosynthetic pigments of plants can selectively absorb
spectra of certain wavelengths; Chl a absorbs mainly sunlight, in the red-orange region.
Chl b absorbs short-wave light, such as that in the blue region, and a higher content of
Chl b may enhance shade tolerance [80]. Carotenoids are accessory pigments that play an
essential photoprotective role in chloroplasts [81]. Changing the proportions of pigment
types constitutes an adjustment of foliage to the incident light conditions [40]. In this
study, decreasing light intensity promoted pigment synthesis in leaves. We suspect that
shaded foliage has higher, broader thylakoid stacks than sunlit foliage and invests in the
accumulation of antenna pigments, which can change the blue photoreceptor (blue photon
flux/far-red photon flux) and phytochrome potential (red photon flux/far-red photon flux).
Simultaneously, the contents of Chl b and Car increased significantly at 70% RI, allowing
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the seedlings to absorb more blue-violet light to enhance the utilization ratio of shaded
parts. However, in seedlings under lower light conditions for a long time, increasing the
photosynthetic pigment contents may not be sufficient to acquire the ability to rapidly
absorb light quanta. After analysing the variation tendency between pigment accumulation
and the spectral reflectance index (Figure 1 and Table 4), we evaluated the accuracy of the
spectral analysis technique. As expected, the change trend of NDVI was consistent with the
seedling height and secondary needle emergence trends. The chlorophyll and carotenoid
contents also matched the CRI, SIPI, MRESRI, and RENDVI trends, all of which can be used
to estimate the photosynthetic pigment concentration and the carotenoid-chlorophyll ratio.
Besides, we found that the proportion of different wavelength ranges remained constant
between treatments. It is consistent with previous studies demonstrating that quality will
not be changed when the light through the shade net [82]. However, the reflectance values
(around 550 and 720 nm) of seedlings under 70%RI and 50%RI treatments were relatively
lower than those under 100%RI. It is indicated that the seedlings under shade treatments
absorbed more green and far-red light. We speculated that the changes in photosynthetic
pigment contents of seedlings affected the absorption capacity of light wavelengths. These
results suggested that light quality, especially the proportion of the far-red world, will be
changed due to the scattering and reflection of light in seedlings under shade treatments.
Previous studies have confirmed that the far-red radiation scattered by the surrounding
seedling is a signal of competition that promotes the elongation of stems [83]. In this study,
we observed that seedlings under shade treatments showed a higher height/diameter ratio.
Moreover, further studies in controlled LED light are needed to understand the response
mechanisms of seedling growth regulated by light wavelength.

Chlorophyll fluorescence detection, a sensitive and simple technical method, can
accurately reflect the absorption, transmission, and dissipation of light energy in the
photosynthetic system, thus revealing the mechanism by which light environment factors
influence the photochemical pathways in plant leaves [84]. This study found that Fv/Fm,
Fv'/Fo/, Y(II), dp, and ETRmax reached a maximum at 70% RI and that these parameters
decreased with decreasing light intensity. The results show that an appropriate light
intensity can increase the photochemical efficiency of the PSII reaction centre, the potential
activity, and the ratio of antenna pigments absorbing light energy for photochemical
electron transfer. This response allocates more energy for carbon accumulation and meeting
the demands of rapid seedling growth. In addition, 70% RI led to a decrease in NPQ,
which also demonstrated that the distribution ratio of light energy to thermal dissipation
decreased under an appropriate light intensity and that there was a greater tendency to
conduct photochemical reactions in P. massoniana seedlings at 70% RI. PRI was found to
correlate strongly with photochemical reactions and the ETR. This finding suggests that
spectral reflectance indexes can be used to monitor photochemical activity and thermal
dissipation in P. massoniana seedlings grown in different habitats and to understand their
acclimation to stress conditions, which will provide useful information for improving
cultivation practices.

POD and SOD are key protective enzymes in the antioxidant enzyme system. When
plants encounter stress, the activities of these enzymes are enhanced to remove excessive
ROS in cells and maintain normal growth and metabolic activities in the plants [30].
Furthermore, MDA is the main product of membrane lipid peroxidation in plants under
adverse conditions. In this study, the largest increase in protective enzyme activity occurred
at 70% RI, and the MDA concentration was the highest at 50% RI. Under long-term
exposure to low light intensity, membrane lipid peroxidation in P. massoniana seedlings
intensified, which eventually led to the accumulation of free radical ions and MDA; as
a result, the biofilm system and cell structure were damaged. As important osmotic
regulation substances in plants, SS, SP, and PRO can regulate cell osmotic pressure to
maintain the integrity of the cell membrane and eliminate reactive oxygen toxicity to
improve plant stress resistance [85]. We found that the SS, SP, and PRO contents reached
their maximum values at 70% RI. The SS content decreased significantly with decreasing
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light intensity, indicating that moderate light intensity was conducive to the accumulation
of osmotic regulation substances. However, the cellular structure of P. massoniana seedlings
was damaged to some extent under excessively low light. The results showed that WBI
was positively correlated with the activity of protective enzymes. Thus, spectral reflectance
sensing technology could be used to quickly and conveniently detect the growth status
and anti-stress capabilities of P. massoniana seedlings in different ecological environments;
such an approach would provide a certain theoretical basis for seedling cultivation and
management as well as the prevention of seedling loss.

5. Conclusions

In this study, P. massoniana seedlings had different response mechanisms to differ-
ent levels of light intensity during their rapid growth period, and they adjusted their
growth and photosynthetic, physiological, and biochemical strategies to gradually adapt
or respond to changes in the light environment. Our observations indicate that leaf spec-
tral reflectance indexes can be used as sensitive indicators of light stress in P. massoniana
seedlings by combining the vegetation indexes with biochemical analysis data. As this is
the first report on the spectral reflectance response of P. massoniana leaves to different light
intensities, we highlight how seedling growth conditions might be described with the help
of spectral signals. Moreover, primary needles are more shade tolerant than secondary
needles, and the emergence of secondary needles is beneficial to seedling growth. In
summary, the seedlings had a high growth rate, high photosynthetic activity, and potential
and significantly improved stress resistance under moderate light intensity. Therefore,
it is suggested that appropriate shading measures that partially impede direct sunlight
should be taken to ensure the rapid growth of seedlings during cultivation, especially
during seasons with intense light. In plantations or natural secondary forest regeneration
areas, pruning, weed removal, and other tending measures could be adopted to ameliorate
the low-light environment caused by excessive canopy density to promote the natural
regeneration and growth of P. massoniana seedlings.
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