agronomy

Article

Photosynthetic Physiology Comparisons between No Tillage
and Sod Culture of Citrus Farming in Different Seasons under
Various Light Intensities

Chung-1. Chen ¥, Kuan-Hung Lin 2*{), Meng-Yuan Huang 3", Chih-Kai Yang 4, Yu-Hsiu Lin %, Mei-Li Hsueh 5,
Li-Hua Lee 5 and Ching-Wen Wang >*

check for

updates
Citation: Chen, C.-L; Lin, K.-H.;
Huang, M.-Y,; Yang, C.-K,; Lin, Y.-H.;
Hsueh, M.-L.; Lee, L.-H.; Wang, C.-W.
Photosynthetic Physiology
Comparisons between No Tillage and
Sod Culture of Citrus Farming in
Different Seasons under Various
Light Intensities. Agronomy 2021, 11,
1805. https://doi.org/10.3390/
agronomy11091805

Academic Editor: Daniela Romano

Received: 2 August 2021
Accepted: 4 September 2021
Published: 8 September 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Forestry, National Chung Hsing University, Taichung 40227, Taiwan; rk.aee@msa.hinet.net
Department of Horticulture and Biotechnology, Chinese Culture University, Taipei 11114, Taiwan;
rlin@ulive.pccu.edu.tw

Development Center of Sustainable Agriculture, Department of Life Sciences and Innovation,

National Chung Hsing University, Taichung 40227, Taiwan; hmy6@nchu.edu.tw

Department of Forestry, National Pingtung University of Science and Technology, Pingtung 91201, Taiwan;
yangck@mail.npust.edu.tw

Endemic Species Research Institute, Nantou 552203, Taiwan; chemics@tesri.gov.tw (Y.-H.L.);
shiu@tesri.gov.tw (M.-L.H.); edu07@tesri.gov.tw (L.-H.L.)

*  Correspondence: kilorsoul@gmail.com; Tel.: +886-9289-57822

1t These authors contributed equally to this work.

Abstract: Sod culture (SC) and no tillage (NT) are modern orchard management systems, and are two
different bases for the sustainable development and production of citrus orchards in Taiwan. How-
ever, there is no information about the efficiency of either NT or SC on the photosynthetic physiology
of farmed citrus under different seasons and varying light intensities. The objective of this study was
to clarify the impacts of SC and NT under eco-friendly farming management on the photosynthetic
apparatus of an important plantation citrus species in response to varying light intensities over the
seasons. The results showed that Rd (dark respiration rate of CO,), Qy (light quantum yield of CO,),
LCP (light compensation point), Amax (maximum net assimilation of CO;), and Fv/Fm values of
citrus plants under SC were somewhat higher under NT in the same season, particularly in the fall
and in winter. As light intensity increased from 200 to 2000 mol photon m~2 s~! PPFD, higher
Pn (net photosynthesis rate), Gs (stomatal conductance), ETR (electron transport rate), NPQ (non-
photochemical quenching), and Fv/Fm (potential quantum efficiency of PSII) values were observed
in spring and summer compared to the fall and winter, and increasing NPQ and decreasing Fv/Fm
values were observed in all seasons. Positive and significant correlations were shown between the Pn
and Gs under NT and SC in all seasons with all light illuminations, whereas significant and negative
relationships were observed between the ETR and NPQ under NT in fall and winter at 1200~2000
PPFED. In short, ETR was useful for non-destructive estimations of Pn and NPQ since these indices
were significantly and positively correlated with ETR in citrus leaves exposed to 0~1200 PPFD in all
seasons and 1200~2000 PPFD in spring, the fall, and winter, providing a quick means to identify the
physiological condition of plants under various seasons and tillages. The precise management of
photosynthetic parameters such as ETR in response to light irradiances under varied seasons also
provides implications for sustainable citrus production for tillage cropping systems in future higher
CO, and potentially wetter or drier environments. The tillages may hold promise for maximizing the
economic efficiency of the growth and development of citrus plants grown in the field.

Keywords: chlorophyll fluorescence; citrus; light intensity; photosynthesis

1. Introduction

Citrus is one of the most important fruit crops grown globally in terms of area and
production, and is an important plantation species in Taiwan, with a high economic
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value. Citrus mainly grows in the lower-elevation mountain area of central Taiwan due
to appropriate climate conditions. Citrus production is powered by premium market
prices, butexhibits considerable variation in growth under different agricultural manage-
ment systems. The hybrid species Citrus reticulate Blanco x C. sinensis Osbeck occupies
the largest plantation area in central Taiwan, and its average yield in 2009 was about
18,000 kg ha=! [1].

The no-tillage (NT) system has been applied mainly in temperate climates and fruit
trees under highly mechanized conditions. NT is an application of minimal or no me-
chanical soil disturbance or biomass mulch soil cover and crop species diversification, and
is a very effective management system for reducing production costs and time, reduced
technical flexibility in sowing, fertilizer applications, and weed control [2—4]. Most orchard
farmers in Taiwan apply NT along with a massive amount of herbicides to eliminate plant
cover, resulting in high erosion rates. Alternatively, sod culture (SC) is a modern orchard
management pattern that serves as a basis for the sustainable development of orchards by
enhancing soil organic matter content and organic carbon accumulation, improving soil
physicochemical properties, strengthening soil water-holding capacity, advancing microor-
ganism growth, increasing fruit quality, reducing disease/pest damages, and improving
orchard microclimates [5-8]. SC employing Trifolium repens, Oxalis corniculata L., Paspalum
notatum, and Cynodon dactylon (L.) Pers. is commonly practiced as part of soil management
in citrus orchards in Taiwan, and as an orchard cultivation measure, it may promote fruit
growth and development. However, there is little information about the efficiency of
NT and SC in the photosynthetic physiology of citrus farming in different seasons under
various light intensities.

The vascular plants achieve more efficient or higher capacity photosynthesis and gas
exchange through development of xylem vessels and higher vein densities [9]. Higher rate
of sap flow due to the xylem vessel structure of the plant helps to gain a higher sap flow
and a good plant water status by maintaining the efficient leaf water potential of the plants,
and increase in the total number and production of fully developed chloroplasts, which
prompts seasonal Pn and Gs to increase rapidly [10]. Photosynthesis is also biochemically
regulated to maintain a balance between the rates of its component processes, influenced
by many environmental and physiological factors, and varies with habitat as well as
season and diurnal courses [11]. Seasonality drives the cycles of plant productivity in
ecosystems, and seasonal variation in photosynthesis and respiration are essential for
ecosystem-atmosphere CO, exchange [12]. The impact of extreme weather on forests has
become increasingly severe under climate change, especially in seasonally dry ecosystems,
due to cycles of prolonged drought and heavy rain. Drought is the primary cause of stress
in forest ecosystems, such as citrus orchards production systems, under climate change and
may increase tree mortality under climatic warming, causing a reduction in forest carbon
sequestration [13,14]. The study of photosynthesis—irradiance relationships is a basic aspect
of plant physiological research, and photosynthetic light responses can be used to assess
the ability to capture light and understand optimal light intensity conditions in plants [15].
On the other hand, when plants are exposed to high illumination conditions, more photons
may be absorbed than the carbon reaction can use; such an excess of absorbed energy often
leads to so-called photoinhibition, which is a reduced efficiency of photosynthesis, because
of damage to the photosystem. Thus, non-photochemical quenching (NPQ) plays an
important role in photoprotection because it quenches excess energy and dissipates it safely
as heat [16,17]. Chlorophyll fluorescence (ChlF) is a noninvasive technique offering highly
accurate measurements that illustrate the function of the photosynthetic apparatus in plants,
and photosynthetic performance is often used in physiological studies to investigate a
plant’s response to various environmental stresses in the field and reflects their adaptability
to their habitats as well [18].

The hypothesis of this study was that photosynthesis-related parameters might ex-
hibit distinguishable differences in the NT and SC of citrus orchards at different seasons
and photosynthetic photon flux densities (PPFD). The aims of the present study were to
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clarify tillage and seasonal dynamics on the actual state of the photosynthetic apparatus
of citrus by measuring the capture, transfer, and dissipation of excitation energy as de-
tected by photosynthetic capacity and ChlF in response to varying light intensities. The
relationships of photosynthetic indices can be used for eco-physiological research in citrus,
and these parameters can be considered selection indices for examining the growth and
tillage practices of citrus plants under broad ranges of light intensity over the seasons.
Assessing photosynthetic parameters under light intensity variation is an important tool
for understanding how to improve the photosynthetic productivity of citrus.

2. Materials and Methods
2.1. Site Description, Experimental Field Management, and Experimental Design

This study was conducted at a low-elevation (approximately 350 m altitude) mountain
area of central Taiwan. The experimental sites were established over 20 years ago to
study long-term citrus (Citrus reticulate Blanco x C. sinensis Osbeck) NT (120°46/22" E,
23°52'19” N) and SC systems (23°48/19.0” N, 120°44/21.3" E) located in central Taiwan. NT
and SC farming practices for controlling soil and water losses in these areas were similar
from June 2019, to May 2020. This investigation was carried out at a certified organic
plantation where farmers strive for optimal sustainable management. The site’s climate
is humid subtropical, with a mean annual rainfall of 2100 mm and a mean annual air
temperature of 36.1 °C, as recorded from May 2019 to April 2020. Monthly precipitation
and air temperature are shown in Figure 1. According to the soil taxonomy world reference
base for soil resources, the soil is a typical Andosol in which the texture of the upper surface
is sandy loam [19].
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Figure 1. Monthly air temperatures (bar) and precipitation (circle) during the study period from June
2019 to May 2020 at the lower-elevation mountain area of central Taiwan (120°46'22" E, 23°52/19” N).

The experiment consisted of two agricultural management systems (NT and SC) over
four seasons (spring, summer, fall, and winter) with each cover crop treatment having
four replications. Cover crops on the citrus field orchards were Paspalum conjugatum Berg.,
Cynodondactylon (L.) Pers., Wedelia chinensis Merr., and Oxalis corniculata L. NT orchards
were mown with a flail mower in the first week of each season, with residues being left on
the soil surface as a nutrient supply. During field management, organic cultivation methods
were performed and no chemical fertilizers or herbicides were used in this experiment.
In addition, no severe pests or diseases were encountered during these field experiments.
Average citrus yield was about 18,000 kg ha~! in 2019. A completely randomized design
employing the two tillage methods and four seasonal treatments was used, and there were
five replicates per treatment. For each treatment, five intact, fully expanded mature leaves
and leaf samples were randomly sampled from each robust and healthy plant at the end of
each season.
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2.2. Determination of Photosynthetic Capacityand Chlorophyll Fluorescence (ChlF) Parameters
with a Fixed Light Source

In all seasons, PPFD was adjusted to 0, 5, 10, 15, 25, 50, 75, 100, 200, 400, 800, 1200,
1500, 1800, and 2000 pmol photon m 2 s 1 in a leaf chamber for 90 min to understand
how radiant energy was used by the tested plants under different illumination intensities.
Plants were measured with a gas-exchange and fluorescence photosynthesis analyzer (GFS-
3000FL, Walz, Effeltrich, Germany) from June 2019 to May 2020. The second to third leaf
from the top of each plant were dark-adapted for 30 min by the use of leaf clips. Following
darkness adaptation, the central region of the adaxial leaf surface was subjected to a
saturating light pulse of 3500 ptmol m~2 s~! (690 nm) for the measurements. Values of the
minimal ChlF (Fo) and maximal ChlF (Fm) of the dark-adapted samples were determined,
and gas exchange and ChIF measurements were simultaneously measured at 10:00 a.m.
daily under the stable environmental conditions of the leaf chamber. Environmental
conditions were set to a gas-flow rate at 750 umol s, a gas-mixer speed at level 7, an
assimilator temperature of 25 °C, and a relative humidity of 75% during the experiment.

The potential (Fv/Fm) and actual (Fv'/Fm’) photosystem II efficiencies ($PSII) were
calculated as (Fm-Fo)/Fm and (Fm’-Fo’)/Fm’, respectively. Fo (Fo’) and Fm (Fm’) are the
minimal and maximal fluorescence values of dark-adapted and during-illumination leaves,
respectively [16]. Measured leaves were dark-adapted for 30 min before light-curve runs.
The effective quantum yield of PSII (AF/Fm’) was obtained using the light-curve program,
where actinic light intensity was increased over 2 min in fifteen steps, illuminated for at least
15 min in each stage to fully manifest the photoreaction. The following effective quantum
yields were measured and recorded using the light-response curve program [20]. AF/Fm’
was calculated as (Fm’-F)/Fm’, where F is the fluorescence yield of the light-adapted
sample and Fm’ is the maximum light-adapted fluorescence yield when a saturating light
pulse was superimposed. The apparent rate of the photosynthetic electron transport
(ETR) of PSII was obtained as ETR = AF/Fm’ x PPFD x 0.5 x 0.84, where the factor
0.5 assumed equal excitation of both PSII and PSI. The ETR correction factor of 0.84 was
used because only a fraction of incident light is actually absorbed by the two PSs (Wong
et al. 2014). Non-photochemical quenching (NPQ) was calculated as (Fm/ Fm’)~! [21].
Moreover, the dark respiration rate of CO; (Rd), light quantum yield of CO; (Qy), and
light compensation point (LCP) were obtained from the linear regression of photosynthetic
light response curves to illumination measured from 0~100 pmol PPFD m~2s71[22,23].
Values for net photosynthetic rate (Pn, umol CO, m—2 s_l), and stomatal conductance to
water vapor (Gs, mmol HyO m~2 s~!) were simultaneously calculated and recorded inside
the chamber of the photosynthesis analyzer (GFS-3000FL, Walz, Effeltrich, Germany). The
operation was automatic, and data were stored in the computer within the console and
analyzed. All measurements were performed on fifteen leaves from five replicates for each
treatment of 380-400 ppm in the atmospheric environment at room temperature (25 °C)
from mid-morning until mid-afternoon (10:00~17:00).

2.3. Statistical Analysis

Statistical analyses were performed using PASW Statistics 18 software (PASW 18,
IBM, Chicago, MI, USA). Gas exchange and ChlF measurements were analyzed using a
single-factor analysis of variance (ANOVA) to check for significant differences between NT
and SC, and differences among season means were assessed using Tukey’s HSD test with
p < 0.05 significance. In addition, two-way ANOVA was used for the interaction of tillages
and seasons. Multiple comparisons were performed using the least-significant difference.
Regression analyses were used to examine relationships between Gs and Pn and among
ETR, Pn, and NPQ. In addition, model datasets were based on at least 25 leaves from
each PPFD level, and ChlF parameters were calculated using ETR data from the model
validation datasets. Several models were tested, including linear regression models selected
for the interpretation of the relationship between ChlF parameters and PPFD. All models
were evaluated for goodness of fit by the graphical analysis of residuals and by computing
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correlation coefficients at a significance level of p < 0.05 between the gas-exchange and
ChlF parameters. The linear regression model performance proved more suitable.

3. Results
3.1. Trends in Citrus Photosynthetic Parameters under Varied Light Intensities, Tillages,
and Seasons

The effects of NT and SC on citrus plants during the four seasons were monitored
by measuring changes in photosynthetic parameters (Pn, Gs, slope of Gs-Pn, ETR, NPQ,
AF/Fm’, Fv/Fm, Rd, Qy, LCP, and Amax). Table 1 indicates that all photosynthetic
parameters displayed significant differences (p < 0.0001, 0.001, and 0.01) in the main effects
(both NT and SC), excepting NPQ in both and Rd in tillage. Moreover, all photosynthetic
indices were significantly different (p < 0.0001, 0.01, and 0.05) in interaction effects (T x S),
with the exceptions of Gs, Rd, and Amax.

Table 1. ANOVA of tillage (T), season (S), and their interactions (T x S) for Pn, Gs, slope of Gs-Pn, ETR, NPQ, AF/Fm’ (%),
Fv/Fm, Rd, Qy, LCP, and Amax of citrus at 2000 pmol m~2 s~ PPED with NT and SC in four seasons.

F-Value and Significance

Source of AF/Fm’
Variance Pn Gs Slope ETR NPQ (%) Fv/Fm Rd Qy LCP Amax
1 157.19  380.17 5547 103.77 1.23 9.3 22.21 1.78 20.18 7.96 83.76
Tl age (T) % %H kXK F%HF i NS 3% A% NS A %H *3% b
17.11 19.36 5.33 23.14 1.48 29.11 7.2 19.71 63.55 6.02 38.69
Season (S) FHk Xk *% HkR NS FNk k% AR FNk *% AR
4.82 0.97 3.74 3.87 11.57 53.81 3.79 1.91 43.85 4.87 29
T X S *% NS * * E b * NS H34 A 3% NS

*1 p <0.05,**: p <0.01, **: p <0.001, ***: p < 0.0001. NS, no significant difference.

Figure 2 illustrates the photosynthetic indexes of citrus plants in response to different
light intensities, and shows wide seasonal variations under the two tillages. All photo-
synthetic parameters showed no significant differences under 0, 5, 10, 15, 25, 50, 75, and
100 PPFD among seasons in either tillage. Spring Pn values (Figure 2A,B) of 400, 800, 1200,
1500, 1800, and 2000 PPFD were significantly higher compared to other seasons regardless
of tillage, except that no significant differences in Pn values for 400 and 2000 PPFD were
observed in spring and summer under NT (Figure 2A). In addition, as light intensity
increased, the Pn values of all leaves in spring under either tillage increased from 0 to
1500 PPFD, and then decreased thereafter. The trend in Pn increased from winter, fall,
summer, to spring, and therefore it might be a seasonal response. Gs content at 200, 400,
800, 1200, and 1500 PPFD in spring was significantly increased relative to other seasons
under NT (Figure 2C), whereas Gs values at 400, 800, 1200, 1500, and 1800 PPFD under both
spring and summer were significantly increased over fall and winter in SC (Figure 2D).
Moreover, Gs levels of all plants increased as light intensity increased from 0 to 1200 PPFD.
Figure 1E,F present ETR levels at 400~2000 PPFD in winter, which were significantly lower
than in spring, and ETR values at 800~2000 PPFD were similar in both summer and fall
seasons regardless of tillage. As light intensity increased from 0 to 1800 PPFD, the ETR
of both tillages continued to increase as indicated by light response curves, followed by
a decrease. All NPQ values (Figure 2G,H) at 200~2000 PPFD in spring were significantly
higher than in winter regardless of tillage, except for 200 and 1200 PPFD, which were
similar for SC (Figure 2H). In addition, as light intensity increased from 0 to 2000 PPFD,
NPQ values of all leaves slowly increased in all seasons and both tillages. However, as light
intensity increased from 0 to 1200 PPFD, the AF/Fm’ (Fv/Fm) of both tillages in all seasons
continued to decrease as indicated by light response curves, followed by being steady from
1200 to 2000 PPFD (Figure 21,]). In addition, in either tillage, the levels of AF/Fm’ (Fv/Fm)
in spring of 200~2000 PPFD were significantly higher than in winter.
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Figure 2. Comparison of NT and SC on Pn (panels A,B), Gs (panels C,D), ETR (panels E,F), NPQ (panels G, H), AF/F'm, and
Fv/Fm (panels L]) of citrus grown in four seasons (S1-54) monitored from June 2019 to May 2020. Data are mean + standard
error, and each point represents the mean of five leaves. Different letters indicate significant differences in Tukey’s HSD

analyses over four seasons (p < 0.05).
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3.2. Changes in Citrus Photosynthetic Parameters under Varied Tillages and Seasons

Though photosynthetic parameters of citrus leaves under light intensities were very
different over the seasons under the two tillages, there were some tendencies that enabled
an assessment of the underlying mechanisms of the effects observed. The effects of the
two tillages on Rd, Qy, LCP, Amax, and Fv/Fm of citrus leaves in different seasons are
presented in Table 2. Rd measurements over eight seasons under the two tillages showed
distinct dark respiration rate CO, responses to the different seasons, where both fall and
winter (0.71~0.95 pmol CO; m~2 s~1) had significantly higher values compared to spring
and summer (0.38~0.64 pmol CO, m~2 s~1), suggesting that the relative increase in foliar
respiration may be a response to physiological acclimation as the climate becomes colder.
In addition, Rd increased in the order of spring, summer, and fall, and then decreased
in winter under either tillage method. Qy values significantly increased in winter with
SC (0.06 CO, /PPFD) compared to other seasons (0.02 and 0.03 CO, /PPFD), and Qy also
increased in the order of spring, summer, fall, and winter. This implies that a cold climate
would impact both the NT and SC of citrus plants, leading to reduced CO, and carbon sink
behavior. LCP levels of citrus significantly increased in the fall with SC (36.38 pmol PPFD
m2s71) compared to other seasons (16.84~23.65 uymol PPFD m~2 s~ 1) that showed no
significant differences among seasons in either tillage method. Furthermore, Amax values
were greatest when grown in spring under SC (11.38 umol m~2 s~ 1) and lowest in summer
and winter under NT (5.21 and 5.61 umol m~2 s~!). The season impacted the pattern
of Fv/Fm, which significantly increased Fv/Fm in summer. NT exhibited significant
higher Fv/Fm in summer (0.79) than in other seasons (0.74~0.76), whereas Fv/Fm was
significantly lower in winter (0.76) than in other seasons (0.79) under SC conditions.

Table 2. Influence of NT and SC on Fv/Fm, Rd, Qy, LCP, Amax, and Fv/Fm of citrus grown in four seasons monitored from

June 2019 to May 2020.
Photosynthetic No Tillage (NT) Sod Culture (SC)
Parameters Sprin Summer Fall Winter Sprin Summer Fall Winter
pring pring

(umol ngdm_z s=1) 0.44 be 0.49 be 0.852 0.712 0.38 ¢ 0.64° 0.952 0.782

(COZ?PYPFD) 0.02¢ 0.03P 0.03P 0.03P 0.02¢ 0.03P 0.03P 0.062
(umol PPIISCDPm—z s 1) 20.18"° 16.84 b 20.00 b 21.14° 23.65P 19.13P 36.382 21.21b

(umol C%Tamx_z s—1) 8.15b 5.214d 5.82¢ 5614 11.382 8.10°P 7.96 be 6.84°¢

Fv/Fm 0.76b 0.792 0.74 ¢ 0.75¢ 0.792 0.792 0.792 0.76 b

Different letters indicate significant differences in the Tukey’s HSD analyses under eight treatments (two methods and four seasons)
(p < 0.05). Each point represents a mean of 5 leaves.

3.3. Relationships among Photosynthetic Parameters

Figure 3 illustrates the correlations between Gs and Pn in citrus grown under NT and
SC at four seasons and irradiated at 0, 5, 10, 15, 25, 50, 75, 100, 200, 400, 800, 1200, 1500,
1800, and 2000 PPFD. Significant positive correlations at r* = 0.949 and 0.918 (p < 0.0001)
were found under NT and SC, respectively, between the Gs and Pn of leaves irradiated with
varied light levels over the seasons, demonstrating that the increase in Pn may be caused
by a stomatal opening. In addition, a higher slope in the linear relationship of Pn/Gs
(equivalent to water-use efficiency; WUE) was observed in NT treatments (0.114) compared
to SC (0.074), suggesting that NT is a water-saving practice. Correlations among ETR and
Pn and NPQ of plants under NT and SC during four seasons at various PPFDs between
0~1200 pmol m~2 s~! are shown in Figure 4. The data show significant correlations
between ETR and Pn, with r? = 0.987 and 0.928 (p < 0.0001) under NT and SC, respectively
(Figure 4A,B). Furthermore, ETR was also significantly correlated to NPQ at 2 =0.721 and
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probability (****) level.
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Figure 4. Correlations among ETR and Pn, NPQ of citrus grown in NT (panels A,C) and SC (panels B,D) in four seasons
(51-54 respective to spring, summer, fall, and winter) monitored from June 2019 to May 2020. Plants were subjected to light
irradiances at 0, 5, 10, 15, 25, 50, 75, 100, 200, 400, 800, and 1200 umol m~2 s~ PPFD for 60 min. Each symbol represents the
average of five leaves on one plant, and five plants were randomly selected from tillage and season treatments. Each line
represents the time point of 48 values (four seasons multiplied by 12 PPFD) from model validation datasets. Correlation

coefficients (r) are calculated and significance (p) is at the 0.0001 probability (****) level.
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Figure 5 shows that photosynthesis parameters were greatly affected by light intensity
and that there was seasonal variation under the two tillages. There was a positive and
significant correlation at r?> = 0.819 (p < 0.0001) between ETR and Pn under NT in response
to spring, fall, and winter at 1200, 1500, 1800, and 2000 PPFD, whereas ETR showed a
non-significance to Pnin spring (Figure 5A). However, ETR was significantly and positively
correlated with Pn under SC, with r? = 0.913 (p < 0.0001) under the same PPFD conditions
and seasons (Figure 5B). In addition, and under the same PPFD conditions and seasons,
the Pn values of citrus leaves under SC were higher than under NT, indicating that the
photosynthesis rate of SC leaves was stronger than in NT leaves in all seasons. In Figure 5C,
no correlations were observed between ETR and NPQ for plants under NT in spring and
summer at 1200, 1500, 1800, and 2000 PPFD, but ETR was negatively correlated to NPQ
(r* =0.897, p < 0.0001) in fall and winter under the same PPFD conditions. Moreover, the
NPQ values in spring and summer were higher than in fall and winter, indicating that the
non-photochemical dissipation ability in spring and summer was stronger than that in fall
and winter. Nevertheless, no relationship was observed between ETR and NPQ with SC
under 1200, 1500, 1800, and 2000 PPFD (Figure 5D).
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Figure 5. Correlations among ETR and Pn, NPQ of citrus grown in NT (panels A,C) and SC (panels B,D) in four seasons

(51-54 respective to spring, summer, fall, and winter) monitored from June 2019 to May 2020. Plants were subjected to light

irradiances at 1200, 1500, 1800, and 2000 pmol m~2 s~! PPFD for 20 min. Each symbol represents the average of five leaves

on one plant, and five plants were randomly selected from tillage and season treatments. Each line represents the time

point of 16 values (four seasons multiplied by 4 PPFD) from model validation datasets. The correlation coefficients (r) are

calculated and significance (p) is at a 0.0001 probability (****) level, 0.001 probability (***) level.

4. Discussion

Our study indicates that conservation agricultural systems improve WUE, increase the
organic content of soils, and enhance C sequestration, notably in the soil surface layer [24,25].
As anthropogenic greenhouse gas emissions intensify global climate change, plantations have
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become an important tool to mitigate atmospheric CO,. Many studies have shown that the
photosynthetic light response curve displays the relationship between light intensity and Pn of
leaves and can be used to calculate LCP, Amax, and Rd [26-28]. These parameters were also
correlated with metabolic variation, and can be used to predict growth and performance
in variable environments and the impact of future climate change on carbon exchange
between vegetation and the atmosphere [29]. Generally, Rd, Qy, LCP, Amax, and Fv/Fm
values under SC were somewhat higher than under NT in the same season, particularly
fall and winter (Table 2). The differences may be caused by long-term SC, prolonged
moisture in the study sites, and a higher growth rate and carbon accumulation potential.
By increasing the efficiency of photosynthesis, citrus leaves with SC can efficiently use
light energy, thus presenting higher Rd, Qy, LCP, Amax, and Fv/Fm values. Acclimation
may manifest as an increased capacity to photosynthesize or as a down-regulation of foliar
respiration and CO, assimilation under colder seasons [30]. On the other hand, citrus
leaves under NT tend to have contrasting behaviors. Furthermore, the levels of both LCP
and Amax in citrus leaves with NT management in summer were considerably lower with
the light and CO, they received, so leaves often received excess light energy and might have
exhibited photoinhibition. Previous studies have pointed out that soil moisture conditions
affecting plant morphology (leaf size and LMA) [31] and physiology (photosynthesis,
transpiration, plant-water relations, and WUE) [9,28], and anatomy (xylem vessel features
and stomatal morphological traits) [31] would produce a response and ultimately affect the
yield. It is speculated that ground surface cover on the NT field was insufficient, leading
to excessive water evaporation, resulting in temporary drought stress, and affecting the
performance of leaf morphology and photosynthetic properties. Therefore, Rd, Qy, LCP,
and Amax may be suitable criteria for evaluating the efficiency of photosynthesis. SC
represents a potential boost to future land productivity, and tends to reduce production
costs over the medium- and long-term, since it contributes to improvements in Rd, Qy,
LCP, Amax, Pn, Gs, ETR, NPQ, Fv/Fm, and AF/Fm’ of plant leaves exposed to various
light irradiation levels.

Pn, Gs, ETR, and NPQ increased simultaneously when the tested plants were main-
tained at < 1200 PPFD, suggesting that there was still an increase in excess light energy
that potentially was dissipated by heat quenching. The trends in Pn, Gs, and ETR values
were similar (Figure 2), indicating that citrus can be grown under a specific and optimal
light intensity. The effects of stomatal limitation on the reduction of photosynthetic rates
can be determined by the correlation between Pn and Gs. Stomata regulation not only can
prevent excess water loss from leaves, but can also limit carbon uptake [9]. The photosyn-
thesis curves of NT and SC in Pn were closely related to Gs, and positive and significant
correlations were shown between Pn and Gs for the two tillages in all seasons with all
light illuminations (Figure 3). These results demonstrated that, during the photosynthesis
saturation period, changes in Pn were mainly affected by Gs, followed by maintaining
high WUE. In addition, Pn and Gs levels in spring were higher than in summer, indicating
that stomatal opening speed for citrus plants during high temperature was constrained,
leading to a conservative water-use strategy developed in response to summer. Gs under
NT in each season was lower than in SC, which might limit Pn, implying that Gs is the
main limiting factor for citrus photosynthesis. As the substrates of photosynthesis, CO,,
and water are crucial to crop growth and yield, plants need to balance the CO, uptake for
photosynthesis with water loss via transpiration for survival. Stomata control the exchange
of gases between the leaf interior and the external atmosphere and improve WUE [9,32].

The susceptibility of photosynthesis to photoinhibition strongly depends on light
intensity. Under high irradiance, the light reaction can absorb more photons than can
be used for carbon fixation reactions; e.g., by leaves in the upper canopy layer exposed
to the sun and also by shade leaves exposed to sunflecks. This excess absorbed light
energy becomes a stressor and enhances the formation of reactive oxygen species that can
damage many cellular components and therefore cause a depression in the efficiency of
photosystems, especially PSII [33]. Stress decreases the ability of photosynthetic systems to
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utilize incident photons, thus leading to photoinhibition and reduced quantum yields of
photochemistry and ChlF. Conversely, insufficient light can limit photosynthesis, which
causes reductions in net carbon gains and plant growth. Under low light intensities that
limit photosynthesis, zeaxanthin is converted to violaxanthin, and the reverse reaction
occurs at high light intensities that exceed the level of light that can be consumed by
photochemistry [34]. In our study, as light intensity increased, the higher ETR values of
plants during spring tended to result in a higher photosynthetic efficiency relative to other
seasons (Figure 2E,F), suggesting that the tested plants have adapted to high springtime
light intensities.

NPQ is an important photoprotective mechanism of plants in response to high light
irradiance damage, as it quenches excess energy and dissipates heat to avoid the harmful
effects of excessive photon absorption [17,35]. NPQ increased rapidly at 0~800 PPFD
(Figure 2G,H), inferring that NPQ was mainly responsible for the dissipation of energy in
the early stage of illuminating the tested plants. Moreover, plants exhibited higher NPQ
values in spring and summer under NT with increasing PPFD (Figure 2G), suggesting
that high values of absorbed light utilized in photosynthesis correlated with season and
tillage under 800 to 1500 PPFD conditions. Citrus plants showed high regulation to light
irradiation depending on the interactions of season and tillages, and NPQ was used to
balance the excess irradiant energy associated with high illumination. When absorbed
light energy is not dissipated completely, excess energy will suppress photosynthesis
system activity, causing a decrease in PSII reaction center efficiency and lowering Pn
values [36]. When plants encounter high light irradiances, the effect of carbon fixation
is restricted, and increased NPQ values include xanthophyll cycle-dependent energy
quenching, photoinhibitory quenching, and changes in the structure of the PSII antenna
system, all of which affect the rate of dissipating the heat of excess light energy [37,38].
Knowledge of these NPQ changes can enable the development of models for planning
optimal processing times for the different seasons to match specific tillage needs, and could
be useful for predicting the changes in performance and distribution of citrus plants.

As the light intensity increased, an increasing NPQ and decreasing AF/Fm’ (Fv/Fm)
were observed in citrus plants in all seasons with both tillages (Figure 2G-J), indicating
that both tillage methods had low photosynthetic rates and needed to dissipate excessive
energy to protect PS; therefore, both methods exhibited high down-regulation of PSII
efficiency [39]. The excess energy in PSII increased, leading to increases in NPQ values and
decreases in Fv/Fm values due to greater energy dissipation when plants were exposed
to a higher PPFD. When illumination was at 1200 ~ 2000 PPFD, the NPQ and AF/Fm’
(Fv/Fm) of the tested plants were stably maintained at high and low levels, respectively,
with little or no change, indicating that the photochemical ability had reached saturation.
The lower AF/Fm’ (Fv/Fm) levels (<60%) obtained at 800~2000 PPFD (Figure 21,]) indicate
that there is long-term photoinhibition and that a higher light intensity at 800~2000 PPFD
is still suitable for the growth of these plants regardless of season and tillage practice.
AF/Fm’ (Fv/Fm) may be strongly depressed after exposure to higher irradiations, which
precipitates suppression of the electron transfer chain [40]. AF/Fm’ (Fv/Fm) also reflects
photosynthetic potential as well as the potential for photochemical dissipation. In addition,
AF/Fm’ shows the actual photochemical ability of PSII under various light intensities
and has a linear relationship with the CO, fixation rate [41]. ChlF components can be
used to measure different functional levels of photosynthesis. Some ChlF components
might exhibit distinguishable differences between NT and SC citrus plants under different
seasons and light intensities, and various light intensity culture systems may be used to
satisfy commercial requirements for rapid, large-scale, and precise management of citrus
plant production.

There were no significant correlations between ETR and NPQ in tested plants in
spring and summer under NT (Figure 5C) and in all seasons under SC (Figure 5D) at
the high illuminations of 1200~2000 PPFD, indicating that this species might be facing
high-illumination stress, resulting in a decline in ETR (Figure 2E,F), but the excess light
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energy generated would accordingly maintain NPQ (Figure 2G,H) due to the photopro-
tective mechanism continuously maintained by the presence of a high proportion of NPQ
as illumination increased. These results might be useful in efforts to predict photosyn-
thetic and respiratory responses to light irradiances in citrus. Nevertheless, significant
and negative relationships were observed between the ETR and NPQ under NT in the fall
and winter at 1200~2000 PPFD (Figure 5C), which seemed to be related to the reduction
of ETR and saturation of the lutein cycle dependent on energy quenching. Therefore, it
is speculated that citrus grown in the fall and winter has a high photoprotection ability
at high PPFD, and this hybrid may adjust the path of energy flow absorption using heat
quenching. Laza-Martinez et al. [42] revealed that xanthophyll cycle-associated photo-
protection supports plant photosynthetic productivity and survival in environments with
unique combinations of environmental factors. In our study, ETR was useful for the non-
destructive estimation of Pn and NPQ, since these indices were significantly and positively
correlated with ETR when exposed to 0~1200 PPFD (Figure 4) and 1200~2000 PPFD with
SC (Figure 5B) and with NT in spring, fall, and winter (Figure 5A). This indicates that the
path of energy flow to NPQ was used mainly for photoprotection, and that these plants may
remain photochemically active and able to maintain Pn under high illumination. Simple
evaluations of photosynthesis can be made and relationships between heat dissipation
and photosynthetic efficiency can also be estimated. Variable photosynthesis parameters
are highly sensitive indicators representing the physiological status of plants, providing
a quick means to identify the physiological condition of plants [43]. Understanding the
photosynthetic characteristics of citrus under varied seasons and tillages would benefit
field cultivation management. Alternatively, choosing a suitable tillage method and using
artificial shading should be considered in order to avoid photoinhibition resulting from
exposure to high light intensity in field cultivation or further in climate change, especially
in seasonally dry ecosystems, due to cycles of prolonged drought and heavy rain. SC
planting methods can provide orchards with increased resilience to climate change and
maintain orchard production and economic income.

5. Conclusions

Comparisons between NT and SC in different seasons present a useful tool for assess-
ing the impacts of global climate change and for testing the applicability of new parameters
for remotely sensing the physiological state of vegetation-absorbing constituents. Elevated
Pn enhanced the positive effects of Amax, Fv/Fm, Gs, WUE, ETR, and NPQ of SC citrus in
spring, demonstrating that elevated Pn would benefit citrus production and resilience to
stress under SC in the central region of Taiwan under future climate scenarios. Quantifying
the adjustments of Pn, Amax, Fv/Fm, Gs, WUE, ETR, and NPQ in response to seasonal
light illumination variation and tillage management is crucial because CO, and water
release from citrus leaves is large. Our results also provide implications for sustainable
citrus production for tillage cropping systems under future climate change of higher CO,
and potentially wetter or drier environments. Using ETR could quickly assess photosyn-
thetic capacity in citrus plants for light intensity stress tolerance during the four seasons.
Moreover, the precise management of photosynthetic parameters such as ETR in response
to light irradiances under varied seasons and tillages may hold promise for maximizing
the economic efficiency of the growth and development of citrus plants grown in the field,
and provide an orchard management model to deal with the effects of climate change.
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Abbreviations

AF/Fm’  Actual quantum efficiency of PSII

CO, Carbon dioxide

ChlIF Chlorophyll fluorescence

Rd Dark respiration rate of CO,

ETR Electron transport rate

LHC Light-harvesting complexes

LCP Light compensation point

Qy Light quantum yield of CO,

Amax Maximum net assimilation of CO,
Fv/Fm  Maximal quantum yield of PSII photochemistry
NT No-tillage

Pn Net photosynthesis rate

NPQ Nonphotochemical quenching

PS Photosystems

PPFD Photosynthetic photon flux densities
Gs Stomatal conductance

SC Sod culture

WUE Water use efficiency
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