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Fatores abióticos e densidade de fótons fotossinteticamente ativos afetam
os mecanismos fisiológicos de jabuticaba

Ester dos S. Coêlho2 , João E. da S. Ribeiro2* , Elania F. da Silva2 , Toshik I. da Silva3 ,
Pablo H. de A. Oliveira2 , Thiago J. Dias4 , Aurélio P. Barros Júnior2 ,

Daniel V. Silva2  & Ronald M. Rodriguez5

ABSTRACT: In fruit species, the amount of solar energy absorbed can influence fruit quality; hence, ensuring optimal 
light distribution management in the canopy of plants is essential. Therefore, the objectives of this study were (i) to analyze 
the variations in gas exchange through the day and (ii) identify the photosynthetically active photon flux density (PPFD) 
that promotes higher chlorophyll fluorescence and electron transport rate in jaboticaba seedlings. The experimental 
design was completely randomized, with treatments consisting of 18 photosynthetic photon flux densities and three 
evaluations throughout the day. Six replicates were used, with two plants per plot. Gas exchange and chlorophyll a 
fluorescence in P. peruviana were altered due to fluctuating photosynthetic photon flux density (0; 25; 50; 75; 100; 125; 
150; 175; 200; 400; 600; 800; 1,000; 1,200; 1,400; 1,600; 1,800; and 2,000 μmol m-2 s-1) and environmental conditions 
throughout the day (8:00 a.m., 12:00 and 4:00 p.m.). The higher PPFD (1,384.6 μmol m-2 s-1) and air temperature 
(39.74 °C) at noon (12:00 p.m.) favored gas exchange in this species. An increase in PPFD of up to 1,000 μmol m-2 s-1 
positively influenced the gas exchange and chlorophyll a fluorescence of P. peruviana.

Key words: Plinia peruviana, photosynthesis, Myrtaceae

RESUMO: Em espécies fruteiras, é essencial considerar o gerenciamento da distribuição da luz nas copas das 
plantas, pois a quantidade de energia solar absorvida pode influenciar na qualidade dos frutos. Diante disso, os 
objetivos deste estudo foram: (i) analisar as variações das trocas gasosas ao longo do dia; (ii) identificar a densidade 
de fluxo de fótons fotossinteticamente ativos (PPFD) que promove maior fluorescência da clorofila e maior taxa de 
transporte de elétrons em mudas de jaboticaba. O delineamento experimental foi inteiramente casualizado, sendo 
os tratamentos compostos por 18 densidades de fluxo de fótons fotossinteticamente ativos (0; 25; 50; 75; 100; 125; 
150; 175; 200; 400; 600; 800; 1.000; 1.200; 1.400; 1.600; 1.800 e 2.000 μmol m-2 s-1) e três horários de avaliação ao 
longo do dia (08:00, 12:00 e 16:00 h). Foram utilizadas seis repetições, considerando duas plantas por parcela útil. 
Trocas gasosas e fluorescência da clorofila a de P. peruviana foram alterados em virtude da PPFD e das condições 
ambientais ao longo do dia. A alta PPFD (1.384,6 μmol m-2 s-1) e temperatura do ar (39,74 °C) no horário de 12 horas 
favoreceu as trocas gasosas dessa espécie. O aumento da PPFD até 1.000 µmol m-2 s-1 influenciou positivamente as 
trocas gasosas e fluorescência da clorofila a de P. peruviana.

Palavras-chave: Plinia peruviana, fotossíntese, Myrtaceae

HIGHLIGHTS:
Higher air temperature and photosynthetic photon flux density provide greater net CO2 assimilation in Plinia peruviana plants.
The increase in photosynthetically active photon density up to 1000 μmol m-2 s-1 positively influenced physiology of species.
The gas exchange and chlorophyll a fluorescence of P. peruviana were altered due to environmental conditions.
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Introduction

Abiotic stressors induce varied physiological responses in 
plants (Zhang et al., 2021). Among these factors, temperature, 
water, nutritional availability, luminosity, and relative humidity 
modulate the metabolic and morphophysiological responses of 
plants (Saijo & Loo, 2020). In fruit species such as jaboticaba 
[Plinia peruviana (Poir.) Govaerts], ensuring light distribution 
management in the canopy is essential because the amount of 
solar energy absorbed can influence fruit quality. Jaboticaba 
can be found in South American countries such as Mexico, 
Bolivia, Argentina, Paraguay, and Brazil, with Brazil being its 
largest producer in the world (Baptistella & Coelho, 2019). 
Among the Brazilian states, Goiás is the largest producer; 
Paraíba produces 203 tons and is the fourth largest producer 
in the country (IBGE, 2017).

Reduced or excessive light intensity can cause changes in 
growth, development, productivity, and dry matter content 
of plants. However, plants adjust to these conditions through 
various mechanisms because the physiological variables 
involved in photosynthesis and leaf characteristics are adapted 
according to light availability. The photosynthetic photon flux 
density (PPFD) corresponded to the light intensity available 
during photosynthesis (Poorter et al., 2019). Therefore, the 
PPFD demonstrates the relationship between the incident 
irradiance on the leaf surface and the photosynthetic rate 
reflected in its response curve. This relationship is necessary to 
understand the current state of leaf acclimatization and plant 
productivity in specific environments.

We hypothesized that the gas exchange and chlorophyll 
fluorescence of jaboticaba (P. peruviana) present variations 
owing to the light intensity provided throughout the day. The 
objectives of this study were: (i) to analyze the variations in 
gas exchange throughout the day and (ii) to identify the PPFD 

that promotes higher chlorophyll fluorescence and electron 
transport rate in Plinia peruviana seedlings.

Material and Methods

This study was conducted in a protected environment 
located in the forest nursery of the Department of Plant 
Sciences and Environmental Sciences, Universidade Federal 
da Paraíba, Areia municipality, Paraíba, Northeastern Brazil 
(6° 57’ 59’’ S and 35° 42’ 57’’ W - 506 m of altitude). This 
region is a part of the mesoregion of Agreste Paraibano and 
microrregição of Brejo Paraibano, with an average temperature 
of approximately 22 °C and an average precipitation of 
approximately 1,400 mm per year (Ribeiro et al., 2018). The 
climate is classified as tropical with dry and hot summers and 
winter rains (Alvares et al., 2013).

This study was conducted between January 2017 and 
January 2021. During the study period, the environmental 
climatic data were measured daily; the average recorded values 
within the protected environment were 24.1 °C for atmospheric 
temperature and 55.2% for relative humidity (Figure 1). 
Climatic data were collected using a digital thermo-hygrometer 
(Minipa, model MT-241A). 

For seedling production, mature fruits were collected 
from the mother trees located in the municipality of Areia. 
After collection, the seeds were extracted from the fruits, 
cleaned, and the endocarp was completely removed from the 
seed tegument. The seeds were sown in plastic pots with a 
capacity of 25 dm³ filled with a soil and commercial substrate 
(3:1, v/v). Oxisol soil was used (United States, 2014), which is 
classified as a Latossolo Vermelho-Amarelo in the Brazilian 
Soil Classification System (EMBRAPA, 2018). The physical-
chemical attributes of substrate were: pH (H2O): 6.12; P: 118.7 
mg dm-3; K+: 217.2 mg dm-3; Na+: 0.43 cmolc dm-3; H+ + Al3+: 

Figure 1. Air temperature and relative air humidity during the experimental period 
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4.62 cmolc dm-3; Al3+: 0.00 cmolc dm-3; Ca2+: 3.5 cmolc dm-3; 
Mg2+: 3.1 cmolc dm-3; sum of bases: 7.58 cmolc dm-3; cation 
exchange capacity: 12.2 cmolc dm-3; base saturation: 62.1%; 
organic matter: 29.86 g kg-1; sand: 650 g kg-1; silt: 165 g kg-1; 
and clay: 185 g kg-1. The physicochemical attributes of the soil 
were analyzed according to the methodology proposed by 
EMBRAPA (2017). 

Five seeds per pot were planted, and thinning was 
performed when the seedlings were approximately 10 cm tall, 
retaining one individual per pot. Irrigation was performed 
daily, and the gravimetric method was used to maintain a field 
capacity of approximately 80%.

The experimental design was completely randomized, and 
18 photosynthetically active photon flux densities (0; 25; 50; 75; 
100; 125; 150; 175; 200; 400; 600; 800; 1,000; 1,200; 1,400; 1,600; 
1,800; and 2,000 μmol m-2 s-1) were tested thrice through the 
day (8:00 a.m., 12:00 and 4:00 p.m.). Six replicates were used, 
with two plants per useful plot; therefore, 12 individuals were 
evaluated at each evaluation time point. The evaluations were 
performed in plants with an average height of 1.45 ± 0.27 m 
four years after planting; with daily readings were taken daily.

The internal (InT) and external temperatures (ExT) and 
relative internal (InRH) and external air humidity (ExRH) 
of the protected environment were measured during the 
physiological evaluations using a digital thermo-hygrometer 
(Minipa, model MT-241A). PPFD was measured using a 
natural light sensor coupled to a portable infrared carbon 
dioxide analyzer (IRGA) (LI-COR, model LI-6400XT). 

Gas exchange analyses were performed using  Infra-red 
gas analyzer (IRGA) (LI-COR, model LI-6400XT), and the 
net CO2 assimilation rate (A) (μmol CO2 m-2 s-1), stomatal 
conductance (gs) (mol m-2 s-1), transpiration rate (E) (mmol 
H2O m-2 s-1), internal CO2 concentration (Ci) (μmol CO2 mol-1), 
and instantaneous carboxylation efficiency [iCE (A/Ci)] [(μmol 
CO2 m

-2 s-1) (μmol CO2 mol-1)-1] were analyzed. Chlorophyll 
fluorescence analysis was performed using a fluorometer (LI-
COR, model LI-6400-40 LCF) coupled with the IRGA. The 
initial fluorescence (F0’), maximum fluorescence (Fm’), variable 
fluorescence (Fv’), quantum efficiency of PSII (Fv’/Fm’), ratio 
between variable and initial fluorescence (Fv’/F0’), and electron 
transport rate (ETR) were determined in leaves subjected to 
a saturating flash of actinic irradiation and a pulse of light in 
the distant red region.

The measurements were performed on healthy leaves that 
were free of damage, pests, or diseases, and wholly expanded 
in the median third of the plants. Four leaves per plant were 
analyzed. The following measurement protocol was used in 
the IRGA chamber: relative humidity, 50–60%; 300 μmol 
s-1 airflow; CO2 concentration, 400 μmol mol-1; and area of 
artificial light sensor in the leaf chamber, 2 cm².

The response curves of gas exchange and chlorophyll 
fluorescence to PPFD were obtained in increments from 
200–2,000 μmol m-2 s-1 at intervals of 200 μmol m-2 s-1. Below 
200 μmol m-2 s-1 up to 0, the PPFD was varied at 25 μmol m-2 s-1 
intervals to obtain the apparent quantum efficiency (Φ [μmol 
CO2 μmol-1 photons]). The apparent quantum efficiency was 
estimated by adjusting a linear equation in the range in which 
the variation of A as a function of the PPFD was linear; A = 

a + Φ.Q, where a and Φ are adjustment coefficients and the 
PPFD is represented by Q. The luminous compensation point 
was obtained as Γ (μmol m-2 s-1) at the point of intersection of 
the line with the x-axis. The response curve of A as a function 
of the PPFD was adjusted to a rectangular hyperbolic function:

A max QA
a Q

×
=

+

where: 
A 	 - net CO2 assimilation rate;
Q 	 - photosynthetically active photon flux density;
Amax - maximum rate of photosynthesis; and, 
a 	 - coefficient of equation adjustment. 

The data were subjected to nonlinear regression analysis, 
and the rectangular hyperbolic function was adjusted. Pearson 
correlation and principal component analysis (PCA) were 
performed to verify the relationship between environmental 
(PPFD, InT, ExT, InRH, and ExRH) and physiological (A, gs, 
E, Ci, F0’, Fm’, Fv’, Fv’/Fm’, Fv’/F0’ and ETR) variables. The analyses 
were performed using R® v.4.1.1 (R Core Team, 2022).

Results and Discussion

The environmental components varied at the different 
evaluation times (Figure 2). The highest PPFD was observed 
at 12:00 p.m. (1384.60 μmol m-2 s-1) and the lowest at 4:00 p.m. 
(147.00 μmol m-2 s-1) (Figure 2). The same trend was observed 
for the internal and external environmental temperatures, 
which were recorded at 12:00 p.m. [39.74 ºC (InT), and 39.68 ºC 
(ExT)] (Figure 2). However, the internal and external relative 
humidity was lower when the temperature and PPFD were 
higher, and the highest values were recorded [55.8% (InRH) 
and 58% (ExRH)] and 4:00 p.m. [40.10% (InRH) and 52.72% 
(ExRH)] (Figure 2). 

(1)

Figure 2. Photosynthetic photon flux density (PPFD), internal 
(InT) and external (ExT) air temperatures, and internal (InRH) 
and external (ExRH) relative air humidity of the environment 
(greenhouse) as a function of hours of day
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In the present study, we observed that as the temperature 
and PPFD increased, relative humidity of the environment 
decreased. Thus, the combined action of the environmental 
factors could directly influence physiological processes 
(Cordeiro et al., 2020; Sharma et al., 2020). In addition, these 
abiotic components may induce changes in the composition 
of plant tissues, particularly in the leaf cuticle. A high 
temperature during warmer times of the day, which associated 

with a reduction in relative humidity, could reduce water 
permeability through a change in cuticle components such as 
waxes. Regarding physiological mechanisms, the oscillation of 
environmental factors can cause limitations in photosynthesis 
through stomatal closure or reduced ribulose-1,5-biphosphate 
carboxylase oxygenase enzyme activity (Liu et al., 2014).

The net CO2 assimilation rate (A) was observed as PPFD 
increased (Figure 3). At all evaluation time points, the highest 

** - Significant at p ≤ 0.01 by F test; * - Significant at p ≤ 0.05 by F test; ns - Not significant by F test

Figure 3. Net CO2 assimilation rate (A), apparent quantum efficiency (Φ), and the light compensation point (Γ) in Plinia 
peruviana plants as a function of photosynthetic photon flux density (PPFD) at different times of day [(A, B) 8:00 a.m.; (C, D) 
12:00 p.m.; (E, F) 4:00 p.m.]. Bars represent standard deviation
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values were recorded at a PFFD of 1000 μmol m-2 s-1 (Figure 
3). Among the three evaluation time points, the highest A 
(7.039 μmol CO2 m

-2 s-1) was observed at 12:00 p.m. (Figure 
3C). However, despite the highest A being observed at a PPFD 
of 1000 μmol m-2 s-1 at the other two time points also, a 32.60 
and 53.86% reduction, respectively, was observed (Figures 
3A and E). 

The apparent quantum efficiencies (Φ, coefficient of the 
linear region of the light response curve) recorded were 24.09 
(12:00 p.m.), 50.76 (8:00 a.m.), and 51.28 (4:00 p.m.) μmol 
CO2 μmol-1 photons (Figure 3B, D and F). According to this 
quotient, to fix one mole of CO2, 24.09 (12:00 p.m.), 50.76 
(8:00 p.m.), and 51.28 (4:00 p.m.) μmol photons are needed, 
indicating a difference in the efficiency of usage of ATP and 
NADPH during the Calvin cycle. The luminous compensation 
points (Γ) were 4.86 at 8:00 a.m., 3.03 at 12:00 p.m., and 12.7 
µmol m-2 s-1 at 4:00 p.m., respectively (Figures 3B, D and F).

The results obtained indicate that high PPFD favored the 
net CO2 assimilation rate (A), which can be explained as an 
adaptation of plants to high light intensity to maximize photon 
absorption and the efficiency of the use of photosynthetic 
light. Thus, the effects of PPFD and high temperature at 12:00 
p.m., which showed the highest net CO2 assimilation rate, 
were verified.

At all evaluation times, stomatal conductance (gs) increased 
until the PPFD reached 1000 μmol m-2 s-1, with the highest 
value (0.0482 mol m-2 s-1) recorded at 12:00 p.m. (Figure 4B). 

The lowest record at the PPFD of 1000 μmol m-2 s-1 was at 4:00 
p.m., which showed a 53.85% reduction (Figure 4C). 

The decrease in A and gs observed after reaching a PPFD 
of 1000 μmol m-2 s-1 may be a response to light saturation at 
higher photon densities (Larsen et al., 2020). Responses to light 
intensity are known to vary according to the species and growth 
environment (Larsen et al., 2020). Stomatal conductance is 
regulated by the turbidity of the guard cells and the interception 
of light, which indicates that the high PPFD recorded at 12:00 
favored the opening of the stomata (Ribeiro & Coêlho, 2021). 
At higher temperatures, plants increase the gs to maintain leaf 
temperature, indicating a state of acclimatization (Fauset et 
al., 2019). Some studies have indicated that acclimatization 
of the net CO2 assimilation rate and stomatal conductance 
due to the increase in air temperature throughout the day 
can occur through changes in membrane fluidity, increased 
activity of RuBisCO activase, and the expression of proteins 
that condition thermal protection (Fauset et al., 2019). 

The transpiration rate (E) showed results similar to stomatal 
conductance (gs), with the highest increases noticed until PPFD 
reached 1000 μmol m-2 s-1, and the highest record value was 
2.5919 mmol H2O m-2 s-1 at 12:00 p.m. (Figure 4E). A similar 
behavior was observed in the values recorded at 8:00 a.m. and 
4:00 p.m. (Figures 4D and F). 

The results obtained for transpiration (E) indicated an 
association between transpiration and stomatal conductance 
(Griebel et al., 2020). Most plant species close their stomata 

** - Significant at p ≤ 0.01 by F test; * - Significant at p ≤ 0.05 by F test; ns - No significant by F test

Figure 4. Stomatal conductance (gs) [(A) 8:00 a.m.; (B) 12:00 p.m.; (C) 4:00 p.m.] and transpiration (E) [(D) 8:00 a.m.; (E) 12:00 
p.m.; (F) 4:00 p.m.] in P. peruviana plants as a function of photosynthetic photon flux density (PPFD) at different times of the day
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at warmer times of the day to prevent water loss. This closure 
reduces the photosynthetic rate and respiration. However, some 
isolated cases have been reported where the maintenance of 
transpiration and photosynthesis through stomatal regulation 
causes cooling of the leaves and allows acclimatization at higher 
temperatures (De Kauwe et al., 2019). In the present study, E 
and stomatal conductance values were higher at 12:00 p.m.

The Ci drastically decreases with the increase in PPFD, 
and the highest recorded values were 635.79 and 662.69 μmol 
CO2 mol-1 at 8:00 a.m. and 4:00 p.m., respectively (Figures 5A 
and C). For this variable, the highest recorded values at all 
evaluation time points, were observed at the PPFD of 0 μmol 
m-2 s-1 (Figures 5A, B, and C).

Ci is related to the supply and demand of CO2 for 
photosynthesis. This factor is associated with turgor and leaf 
temperature, irradiance interception, and vapor pressure 
deficit, which modulate stomatal regulation (Griebel et al., 
2020; Ribeiro et al., 2022). In the present study, we detected that 
the highest stomatal conductance (gs) and net CO2 assimilation 
rate (A) values allowed for the reduction of intercellular carbon. 
The results confirmed the theory proposed by Fauset et al. 
(2019), that a reduction in stomatal conductance maintains 
a high Ci. 

The instantaneous carboxylation efficiency (iCE) increased 
with increase in PPFD; the highest recorded value of 
0.0701 [(μmol CO2 m-2  s-1) (μmol CO2 mol-1)-1] (Figure 5E) 

corresponded to a PPFD of 2000 μmol m-2 s-1 at 12:00 p.m. 
The highest recorded values at 8:00 a.m. and 4:00 p.m., were 
0.0313 and 0.0314 [(μmol CO2 m

-2  s-1) (μmol CO2 mol-1)-1], 
respectively, and corresponded to a PPFD of 1400 μmol m-2 
s-1 (Figures 5D and F).

The changes noticed in the environmental conditions 
during the different evaluation time points conditioned the 
acclimatization of P. peruviana plants. Thus, the effects of 
changes in photosynthesis and Ci reflect the instantaneous 
carboxylation efficiency. Higher carboxylation efficiency 
indicates a higher amount and activity of ribulose-1,5-
biphosphate carboxylase oxygenase and more efficient use of 
carbon in leaf mesophiles (Barbosa et al., 2019).

The initial fluorescence (F0’) showed similar trends at all 
times, with the highest values of 688.46 and 740.65 quantum 
electrons-1 recorded at a PPFD density of 0 μmol m-2 s-1 at 
12:00 p.m. and 4:00 p.m., respectively (Figures 6B and C). The 
values recorded for maximum fluorescence (Fm’) increased as 
the PPFD increased. The highest recorded value was 2250.0 
quantum electrons-1 at the PPFD of 1000 μmol m-2 s-1 at 12:00 
p.m. (Figure 6E). After the PPFD of 1000 μmol m-2 s-1 was 
attained, a 15.4, 16.5, and 26.0% reduction in fluorescence 
was noticed at the respective evaluation time points (Figures 
6D, E and F). 

The increase in the initial fluorescence (F0’) values may 
be associated with an established stress condition for plants, 

** - Significant at p ≤ 0.01 by F test; * - Significant at p ≤ 0.05 by F test; ns - No significant by F test

Figure 5. Internal CO2 concentration (Ci) [(A) 8:00 a.m.; (B) 12:00 p.m.; (C) 4:00 p.m.] and instantaneous carboxylation efficiency 
(iCE) [(D) 8:00 a.m.; (E) 12:00 p.m.; (F) 4:00 p.m.] in P. peruviana plants as a function of photosynthetic photon flux density 
(PPFD) at different times of the day
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which was at the lowest PPFD in the present study. Therefore, 
the increase in F0’ indicates a change in the PSII reaction 
center or disruption in the transfer of absorbed light energy. 
Maximum fluorescence (Fm’) occurs by transferring the energy 
required for the reduction of NADPH and ferredoxin, which 
promotes a good performance in the photochemical stage of 
photosynthesis and enables the formation of ATP for CO2 
assimilation. Under stress conditions, the reduction of Fm’ 
indicates a decrease in quinone due to the inactivation of PSII 
and the influence on electron transport between photosystems 
(Miller et al., 2020).

The variable fluorescence (Fv’) and quantum efficiency of 
PSII (Fv’/Fm’) showed similar trends, with values showing an 
increase when PPFD increased and being constant when PPFD 
increased above of 1000 µmol m-2 s-1 (Figure 7). The highest 
value for Fv’ was 1731.4 quantum electrons-1 and was recorded 
at 12:00 p.m. (Figure 7B). However, a reduction by 12.8 and 
15.2% was noticed at the same PPFD of 1000 µmol m-2 s-1 at 
8:00 a.m. and 4:00 p.m., respectively (Figures 7A and C).

The results obtained for Fv’ at the PPFD of 1000 µmol m-2 
s-1 may have provided greater stability for the electron transfer 
process in the photochemical step (Souza et al., 2019). These 
fluorescence parameters are important for predicting the 
proper functioning of photochemistry and non-photochemical 
de-excitation, which can occur when plants are exposed to 
adverse environmental conditions. The variations observed 

across all evaluation time points in chlorophyll fluorescence 
parameters between individuals may be due to differences in 
the concentrations of photoprotective pigments (Takahashi 
et al., 2011). 

The reduction in PSII quantum efficiency (RQP) is related 
to the low efficiency of light energy absorption required for 
quinone A activity (Kono et al., 2022). This observed decrease 
indicates that P. peruviana plants were stressed at the lowest 
photon intensities probably due to the photosynthetic damage 
under these conditions. Values between 0.75 and 0.85 electron 
quantum-1 are indicative of an intact photosynthetic apparatus 
(Soares et al., 2018). 

The Fv/F0 ratio reflected a similar trend as that of the other 
chlorophyll fluorescence parameters, with the highest values 
recorded at a PPFD of 1000 µmol m-2 s-1 at 8:00 a.m. and 12:00 
p.m. (Figures 8A and C). In treatments with lower PPFD, we 
observed the lowest values for the Fv/F0 ratio at all evaluation 
time points (Figure 8).

The Fv/F0 ratio is an essential variable that indicates the 
occurrence of stress because it relates to the flow of absorbed 
energy and dissipated energy. Therefore, the results observed 
at a PPFD of 1000 µmol m-2 s-1 and 12:00 p.m. indicate that 
under these conditions, P. peruviana plants gain a capacity for 
efficient energy transfer through PSII (Rai & Agrawal, 2017).

The observed increase in electron transport rate (ETR) can 
be attributed to photosynthetic acclimation under high PPFD 

** - Significant at p ≤ 0.01 by F test; * - Significant at p ≤ 0.05 by F test; ns - No significant by F test

Figure 6. Initial F0’) [(A) 8:00 a.m.; (B) 12:00 p.m.; (C) 4:00 p.m.] and maximum fluorescence (Fm’) [(D) 8:00 a.m.; (E) 12:00 p.m.; 
(F) 4:00 p.m.] in P. peruviana plants as a function of photosynthetic photon flux density (PPFD) at different times of the day
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** - Significant at p ≤ 0.01 by F test; * - Significant at p ≤ 0.05 by F test; ns - No significant by F test

Figure 7. Variable fluorescence (Fv’) [(A) 8:00 a.m.; (B) 12:00 p.m.; (C) 4:00 p.m.] and quantum efficiency of the PSII antenna 
(Fv’/Fm’) [(D) 8:00 a.m.; (E) 12:00 p.m.; (F) 4:00 p.m.] in P. peruviana plants as a function of photosynthetic photon flux density 
(PPFD) at different times of day

** - Significant at p ≤ 0.01 by F test; * - Significant at p ≤ 0.05 by F test; ns - No significant by F test

Figure 8. Ratio between variable and initial fluorescence (Fv’/F0’) [(A) 8 hours; (B) 12 hours ; (C) 16 hours ] and electron 
transport rate (ETR) [(D) 8 hours ; (E) 12 hours ; (F) 16 hours] in P. peruviana plants as a function of photosynthetic photon 
flux density (PPFD) at different times of day
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conditions (Meng & Runkle, 2019). These results confirm 
the theory proposed by Bailey et al. (2001) that a high PPFD 
increases the activity of RuBisCO, the electron transport 
complex, and ATP synthase. Detection of high electron transport 
rates during high temperature and irradiance may indicate 
a greater utilization of resources at the photochemical step, 
resulting in high photosynthetic rates (Smith & Keenan, 2020).

Principal component analysis (PCA) showed that the 
dimensions of axes 1 and 2 accounted for 62.8 and 28.4% 
of the inertia, respectively, corresponding to 91.2% of the 
total variability of the components (Figure 9). The internal 
(InT) and external (ExT) air temperature and PPFD showed 
positive correlations with the net CO2 assimilation rate 
(A), instantaneous carboxylation efficiency (iCE), stomatal 
conductance (gs), transpiration (E), electron transport rate 
(ETR), variable fluorescence (Fv’), Fv’/F0’ ratio, Fv’/Fm’ ratio, 
and maximum fluorescence (Fm’) (Figure 8). We observed 
that the environmental variables of internal (InT) and external 
(ExT) environmental air temperature and PPFD positively 
correlated at 12:00 p.m., indicating the influence of these 
factors on the parameters evaluated at this time point (Figure 
9). The eigenvectors of the internal relative and external relative 
humidity are arranged in the left portion, with negative values 
indicating a behavior distinct from that of the other variables 
(Figure 9). Furthermore, a negative correlation was observed 
between these environmental variables (InRH and ExRH) and 
Ci and F0’ (Figure 9). 

PPFD had strong posit ive correlat ions with al l 
ecophysiological variables, except with Ci and initial 

A – net CO2 assimilation rate; Ci – Internal CO2 concentration; gs – Stomatal conductance; 
E – Transpiration; iCE – Instantaneous carboxylation efficiency; F0’ – Initial fluorescence; 
Fm’ – Maximum fluorescence; Fv’ – Variable fluorescence; Fv’/Fm’ – Quantum efficiency of 
the PSII antenna; Fv’/F0’ – Ratio between variable and initial fluorescence; ETR – Electron 
transport rate; PPFD – Photosynthetic photon flux density; InT – Internal air temperature; 
ExT – External air temperature; InRH – Internal relative humidity; ExRH – External 
relative humidity. The numbers before the letter “D” correspond to the evaluation times. 
The numbers after the letter “D” correspond to photosynthetically active flux densities

Figure 9. Principal component analysis between physiological 
and climatic variables in P. peruviana plants for each 
photosynthetic photon flux density (PPFD) and different 
times of day

fluorescence, with which it was strongly negatively correlated 
(Figure 10). Internal (InT) and external (ExT) temperatures 
were strongly correlated with the net CO2 assimilation rate (A) 
and moderately correlated with instantaneous carboxylation 
efficiency (iCE) and stomatal conductance (gs) (Figure 10). 
Indoor (InRH) and outdoor (ExRH) relative humidity had 
moderate negative correlations with net CO2 assimilation and 
instantaneous carboxylation efficiency (Figure 10).

Figure 10. Pearson correlation between ecophysiological and 
climatic variables in P. peruviana plants 

Conclusions

1. Gas exchange and chlorophyll a fluorescence were altered 
in P. peruviana due to photosynthetically active photon flux 
density (PPFD) and environmental conditions. 

2. The higher PPFD (1,384.6 μmol m-2 s-1) and temperature 
at 12:00 p.m. favored gas exchange in P. peruviana. 

3. An increase in PPFD of up to 1000 µmol m-2 s-1 increased 
the chlorophyll a fluorescence in P. peruviana.
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