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Abstract

The objective of this study was to defermine the thermal requirements and compare methods for estimating
leaf emergence in Annona squamosa L. under different shading conditions during the dry and rainy seasons
in a fransition region between the Cerrado Amazon biomes, Mato Grosso, Brazil. Seedlings were grown under
full-sun conditions (reference) and black polyolefin screens with 35%, 50%, 65%, and 80% attenuation of global
radiation. Basal temperatures were determined using the method of least standard deviation; accumulated
thermal sum was estimated using the method described in Ometto (1981); the relationship between number of
leaves and thermal sum were evaluated using the phyllochron and Wang & Engel (1998) models. The minimum
and maximum basal temperatures for the growth of A. squamosa were 11.0 and 38.0 °C, respectively. The
accumulated thermal sum presented small variation between shading conditions and seasons, resulting in
means of 1744+44 and 4434+118 degree-days at 113 and 260 days after fransplanting (DAT), corresponding to
the end of the dry and rainy seasons, respectively. The thermal requirement for leaf emergence varied among
the different shading conditions, with higher phyllochrons under full sun conditions and 80% shading (109.8 °C
day leaf!) and lower phyllochrons under 50% shading (21.74 °C day leaf'). The phyllochron model presented
higher efficiency in estimating leaf emergence compared to the Wang & Engel model. Growing A. squamosa
seedlings under 50% shading is recommended as it resulted in higher degree-day accumulation and lower
phyllochron for leaf emergence.
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Intfroduction

Plants exposed to high temperatures usually
respond by causing changes such as increasing reactive
oxygen species (Jedrzejuk et al., 2016), destabilizing
membranes and increasing their fluidity (Nazdar et
al., 2019; Amaral et al., 2020), and damaging the cell
membrane and chloroplast structures (Guo et al., 2017).

However,
thermotolerances, which enable them to respond to
high-temperature stress by increasing the activity of

plants have basal and acquired

anfioxidants such as superoxide dismutase, catalase,
and peroxidase (Qin et al., 2018; Zhao et al., 2018) and
by increasing proline contents (Qin et al., 2018; Amaral
et al., 2020) and the activity of heat shock proteins (HSPs)
(Zhang et al., 2015).

The use of thermal units or degree-days is
one alternative for interactions

climate, plant, and atmosphere, as it can be applied

analyzing among

fo characterize phenological stages or the total cycle
regarding thermal requirements or duration (Souza et al.,
2009; Zeist et al., 2019). It also can be applied to estimate
the cumulative number of leaves, which has been used
as an excellent measure of plant development (Streck
et al., 2003; Xue; Weiss & Baenziger, 2004) and is directly
connected with leaf area, determining the interception
of the solar radiation used for photosynthesis (Martins &
Streck, 2007).

Cumulative number of leaves can be estimated
through the leaf emergence rate, which can be obtained
by using several methods, however, the most used are
the phyllochron model (Frank & Bauer, 1995; Xue et al.,
2004) and the model proposed by Wang & Engel (1998).

Studies have used the phyllochron and Wang
& Engel models, singly or in comparison, for different
crops. However, studies using these models for Annona
squamosa L. were not found in the literature, either for
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evaluating thermal requirements during the seedling
stage or for estimating the cumulative number of leaves,
which are base information on the species development
and essential for the management and production of
high-quality seedlings.

Annona squamosa L., popularly known as sugar
apple or custard apple, is a fruit species of the family
Annonaceae and has a high commercial importance
in Brazil, where the largest production of this crop is in
semiarid areas of the Northeast region. The interest in
growing this species is due to its high nutritional value and
the potential of high income from the marketing of fresh
fruits and fruit pulp (Braga Sobrinho, 2014).

Considering the lack of informafion on the
ecophysiological species
economic importance, the objective of this study was to
determine thermal requirements and compare methods
for estimating leaf emergence in Annona squamosa L.
seedlings grown under different shading conditions.

aspects of this and its

Material And Method

The study was conducted in the municipality
of Sinop, in the northern Mato Grosso, Brazil (11°51'50'S,
55°29'08"W, alfitude of 384 m), which is within the
fransition region between the Cerrado and Amazon
biomes. The climate of the region is Aw, fropical hot and
humid, according to the Képpen classification, with two
well-defined seasons: dry (May to September) and rainy
(October to April). The mean monthly temperatures vary
from 24 to 27 °C and the mean annual rainfall depth is
1,940 mm (Souza et al., 2013).

The experiment was conducted from May 2020
to February 2021, using seedlings of Annona squamosa L.,
based on evaluation periods divided into dry season (May
21 to September 18, 2020) and rainy season (September
19, 2020 to February 5, 2021). A completely randomized
experimental design was used, which consisted of
absence of shading (full-sun conditions) and four shading
levels (35%, 50%, 65%, and 80% attenuation of global
radiation) using black polyolefin screens. The growth
variable evaluated was number of leaves (NF) on the
main stem every 15 days from 15 days after tfransplanting
the seedlings to the environments (full-sun and shading
conditions), with 19 replications.

The shading structures (above-ground metal
nurseries) were aligned in an East-West direction, with
dimensions of 3.0 x 1.0 x 1.0 m (length, width, and height)
at a height 1.0 m from the ground. The upper, front, and
side of the structures were covered with agriculfural
black polyolefin screens with 35%, 50%, 65%, and 80%
attenuation of global radiation. Full-sun conditions were

used as reference. Metal screens with a 1" mesh size were
used as support for the seedlings fo minimize the effects
of excess water, whereas a sprinkler irrigation system
was installed in the center of the above-ground shading
nurseries to supply a water depth of 17.7 L h', which
was fimed and divided into four irrigation periods of 15
minutes each.
Meteorological
under full-sun conditions was carried out by a portable
Automatic Weather Station approximately 20 m from
the experimental area. Digital thermo-hygrometers
(model HT 4000 ICEL) were installed in the center of the
above-ground shading structures to monitor temperature
and relative air humidity in these treatments, providing
protection against direct incidence of luminosity and

monitoring in the freatment

exposure to water.

Fruits of Annona squamosa L. were collected
on February 20, 2020 and subjected to pulping and
cleaning of the seeds, which were then subjected to
physical dormancy breaking using a sandpaper (no.
80 grit). The seeds were sown in a bed with commercial
substrate at a depth of 3 cm on March 13, 2020. Plantlets
were fransplanted 30 days after germination fo 820 cm?
fubes containing a substrate composed of forest soil and
commercial substrate (2:1 ratio, respectively) under full-
sun conditions. Seedlings were fransferred to the shading
environments on May 21, 2020 and, 82 days later, they
were fransplanted into 8,000 cm?® pots containing a
substrate composed of sand and commercial substrate
(2:1 ratio, respectively).

Meteorological
environment were used to estimate the minimum basal

data from each growing
temperature (Tb) and maximum basal temperature (TB),
using the method of least standard deviation (Souza et
al., 2011). Temperatures ranging from 6 to 16 °C were
considered for Tb simulations and from 30 to 40 °C for
TB simulations, with a 2 °C discretization. These random
values enabled to obtain the accumulated thermal sum
(TSa) and, subsequently, the standard deviation (SDd) in
degree-days, between May 21, 2020 and February 05,
2021. The method predicts that the basal tfemperature
should correspond fo the lowest standard deviation (SD),
in days. TSa was obtained using the method described
in Ometto (1981), recommended by Souza et al. (2011),

considering the following cases:

Case 1: Tm>Tb; Te>Tm
DD =21 + (Tm- To) (1)

Case 2: To>Tm; Te>Tm

2
DD = [-To)

2(Tw - Te)

(2)

Case 3: To<Tm; Te<Tm
_ 2[m- Te) 0= Te)] + (T Ten)2 - (T - Te)2
bb= 2(Tw - Ten) (3)
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where: DD is the degree-day; TM is the maximum
daily mean femperature (°C); Tm is the minimum daily
mean tfemperature (°C); Tb is the minimum basal
temperature (°C); TB is the maximum basal femperature
(°C).

The values obtained for TSa were analyzed
fogether with
generating alinearregression (Equation 4) (Frank & Bauer,
1995), which enabled the application of the phyllochron
model (°C day leaf-1) through the inverse relationship
of the regression slope coefficient (1/a) (Xue et al., 2004;
Streck et al., 2006). The TSa to phyllochron ratio (Streck et
al., 2006) was used to estimate the cumulative NF for the
A. squamosa, as follows:

NF=a*STa+b (4)

Additionally, cumulative NF was also estimated
using the Wang & Engel (WE) model (Wang & Engel, 1998),
through a function of nonlinear response to temperature
f(T), multiplied by the maximum leaf emergence rate
(LERmax) (Xue et al., 2004). The WE model is expressed by
a general formula (Martins & Streck, 2007), according to
the Equation 5:

LER = LER _ A(T) (leaves by day) (5)

where: LER is the leaf emergence rate (leaves by
day); LER_, is the maximum LER that occurs under the
optimal temperature conditions for the species (leaves
by day); f(T) is the temperature beta function, where f(T)
has a null value whenT__ <T orT__ >T, and when T,
< Tmed = TB (Martins & Streck, 2007), it is defined by the
Equation é:

f()=

the cumulative number of leaves,

[2(Tmed - To) @ (Topt - To) - (Tmea -Te)29]
(Topr = Tb)2° (6)

where: Topt is the optimal temperature for the
species (°C); the coefficient a was obtfained based

on the neperian logarithm (In) (Martins & Streck, 2007),
according to the Equation 7:

= In(2)
IN[(Ts - To) / (Topt - To)]

(7)

The cumulative NF by the WE model was
obtained by summing the daily LER (NF = Y LER) from the
dates of fransplanting the seedlings fo full-sun and shaded
environments (Wang & Engel, 1998; Xue et al., 2004).

The experiment was conducted between May
2020 and February 2021, with an evaluation period divided
info the dry season (05/21/2020 to 09/18/2020) and rainy
season (09/19/2020 to 02/05/2021). The experimental
design used was completely randomized (DIC), using four
levels of shading, provided by black polyolefin screens,
with 35, 50, 65 and 80% of radiation attenuation, and in
the absence of shading (full sun). The number of leaves

(NF) on the main stem was evaluated fortnightly, in 19
repefitions, starting 15 days after the application of the
freatments (DAT).

Results an Discussion
Climate characterization

The monthly mean temperature and relative air
humidity under full-sun condifions during the dry season
were 25.38 °C and 64%, respectively (Table 1), with the
highest amplitudes of temperature (28.07 °C) and relative
air humidity (79.40%) occurring in August and September,
respectively.

The 2020 rainy season started on September 19
(121 days after transplanting - DAT) (Figure 1), with rainfall
depthsranging from4.8to 62 mm (180 DAT); the cumulative
rainfall depth throughout the experimental period (260
DAT) was 844.6 mm. The monthly mean temperatfure and
relafive air humidity under full-sun conditions were 26.23
°C and 80.93%, respectively, with the highest amplitudes
(21.45 °C and 78.90%) occurring in October. The highest
monthly mean temperatures (28.46 and 27.97 °C) and,
consequently, the lowest monthly means of relative air
humidity (49.36% and 67.25%) under full-sun conditions
were recorded in September and October, respectively.

Considering the shaded environments (Table
1) during both seasons, the lowest monthly mean
temperatures and the highest monthly means of relative
air humidity were found for the environments with 65%
and 80% shading, whereas the opposite was found
for 35% and 50% shading. However, the comparison
between full-sun and shaded environments during the
rainy season showed that the full-sun environment had
the lowest monthly mean temperature and relative air
humidity (25.81 °C and 72.47%, respectively).

The seasonality of these two meteorological
elements
amplitudes during the dry season; however, the daily
mean temperature and relatfive air humidity increased
during the rainy season, presenting increases of 0.43 °C
and 8.47% under full-sun conditions (Figure 2A), 1.74 °C
and 16.07% under 35% shading (Figure 2B), 1.57 °C and
15.89% under 50% shading (Figure 2C), 1.67 °C and 14.81%
under 65% shading (Figure 2D), and 2.01 °C and 14.4% at
80% shading (Figure 2E).

Considering the enfire experimental

(Figure 2) indicates higher daily thermal

period
(Figure 2), the daily mean temperatures in descending
order were 26.58 (50% shading), 26.39 (full-sun conditions),
25.98 (35% shading), 25.88 (80% shading), and 25.65
°C (65% shading), whereas the daily means of relative
humidity in descending order were 72.68% (65% shading),
72.66% (80% shading), 70.65% (full-sun conditions), 70.28%
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Table 1. Monthly mean temperature and relative air humidity under different shading conditions, during the dry and and rainy

seasons. Sinop, MT, Brazil, 2021

Shading (%)
Months Full sun 35 50 65 80
B o I UR(%) "~ TCI UR(%) TeCI UR(%) TeCI UR(%) TeCI UR (%)~
May* 23.58 77.99 23.79 67.66 24.31 76.51 23.10 79.30 23.37 73.31
June 24.31 74.88 24.74 72.31 24.89 67.96 24.16 74.02 24.54 74.00
July 24.29 65.78 24.47 64.23 24.88 63.45 23.72 66.16 23.93 66.43
August 26.27 52.01 26.08 56.32 26.18 56.20 25.11 60.23 25.12 59.98
September 28.46 4936 2821 54.13 2848 5344 2743 5482 2721 57.56
Mean 2538 6400 2546 6293 2575 6351 2470 6691 24.83 6625
October 27.97 67.25 28.17 69.84 28.40 69.57 27.44 71.94 27.51 72.86
November 26.74 78.42 27.58 77.60 27.69 78.06 26.93 78.24 27.35 78.26
December 25.47 85.54 26.33 82.98 26.40 83.79 25.68 84.13 26.02 84.73
January 25.28 86.72 26.30 83.86 26.38 85.00 25.55 86.81 26.05 85.46
February** 25.70 86.73 27.60 80.72 27.75 80.57 26.28 87.48 27.29 82.03
Mean 26.23 80.93 27.20 79.00 27.32 79.40 26.38 81.72 26.85 80.67
Overall mean 25.98 70.65 26.39 70.96 26.62 71.45 25.68 74.31 25.85 73.45
*Period from Mady 2T 10 30, 2020. 7 Period from February 1 10 05, 202T (260 adys arfer fransplanting]-
Dry season (Moyym to September 18, 2020); Rainy seosZn (September 19, 202(! fo FebruorypOS, 20291)].

70 1 (35% shading), and 70.22% (50% shading).

0 | The temperature data recorded for each
,_E_so . shading condition were used to estimate the minimum
£ 40 | basal temperature (Tb) and maximum basal temperature
E 30 | (TB): 11.0 and 38.0 °C, respectively (Figures 3A and 3B).
€ 90 | The estimated optimal temperature for full development

10 4 of Annona squamosa L. seedlings was 25.9 °C, which

ol 1\ lll VAW was used to estimate the cumulative number of leaves
0 20 40 60 80 100 120 140 160 180 200 220 240 260 through the Wang & Engel (WE) model.
foure 1. Dail _D:'ylfg”e’tap’ﬂy";g Ll *’;“fm;?fségg)f . The environments with 50% and 65% shading
Igure 1. Daily rainta e S petween Ma , O repruar .

059, 2021,51noTo, MT, BrOZ”? Y Y presented lower temperatures than the estimated Tb
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o [ o - \h) MR SWNREN G TN <o but only on a single day in August (Table 1 and Figures
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Figure 2. Daily temperature and relative air humidity in 0.00 —_—

environments under different shading conditions for growing
Annona squamosa L. seedlings, during the dry season (May 21
to September 18, 2020) and rainy season (September 19, 2020 to
February 05, 2021): full-sun conditions (A) and 35% (B), 50% (C),
65% (D), and 80% shading (E). Sinop, MT, Brazil

30 32 34 36 38 40
Air temperature (°C)
Figure 3. Minimum basal temperature - Tb (A) and maximum
basal temperature - TB (B) for the growth of Annona squamosa
L. seedlings. Sinop, MT, Brazil, 2021.
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Table 2. Accumulated thermal sum for Annona squamosa L. seedlings grown under different shading conditions, during the

dry and rainy seasons. Sinop, MT, Brazil, 2021

Accumulated thermal sum (°C day)

DAT Shading (%)
Full-sun 35 50 65 80
15 236.49 248.90 255.05 240.25 263.62
29 409.62 441.00 453.58 425.00 457.69
c 43 623.66 657.25 666.25 631.53 667.64
3 57 810.02 854.40 870.53 813.03 860.44
g 71 1009.45 1067.15 1094.14 1011.85 1068.54
Da 85 1213.06 1277.90 1315.42 1212.78 1272.79
100 1464.75 1533.69 1566.90 1462.58 1523.47
113 1699.94 1771.24 1804.39 1690.66 1753.37
127 1952.91 2031.51 2069.49 1940.67 2007.22
142 2250.89 2339.30 2376.87 2235.12 2303.69
c 155 2480.02 2581.19 2619.94 2466.91 2532.44
Q 170 2737.03 2858.84 2900.34 2730.36 2800.09
g 183 2960.03 3100.40 3139.55 2960.54 3037.85
P 197 3204.48 3370.92 3114.13 3215.18 3304.87
'g 210 3403.84 3597.71 3640.70 3428.65 3525.29
245 3969.20 4218.09 4268.43 4019.39 4131.21
260 4197.52 4497 .35 4550.41 4278.94 4409.83

Dry season (May 21 to September 18, 2020); Rainy season (September 19, 2020 to February 05, 2021). DAT = days after fransplanting.

2C and 2D). However, the estimated TB was exceeded
in all environments during both seasons, with a higher
frequency in September (103 to 132 DAT) (Figure 2). The
full-sun environment and those with 35%, 50%, 65%, and
80% shading presented maximum femperatures higher
than the estimated TB for a total of 38, 94, 110, 59, and 66

days, respectively.
Accumulated thermal sum

The highest and lowest accumulated thermal
sum (TSa) (113 DAT) during the dry season were found in
the environments with 50% (1804.39 °C) and 65% shading
(1690.66 °C), respectively. Regarding the rainy season,
the highest TSa was also found for the environment with
50% shading (4550.41 °C), whereas the lowest TSa was
found under full-sun conditions (4197.52 °C) (Table 2).

The results for daily mean accumulation during
the dry season were 15.56, 16.18, 16.47, 15.46, and 15.97
°C and the accumulations for the entire dry period
were 1716.42, 1782.61, 1814.44, 1700.42, and 1743.60 °C
day) for full-sun conditions and 35%, 50%, 65%, and 80%
shading, respectively. Regarding the the rainy season,
the increased temperatures during this period resulted
in higher daily mean accumulation, with means of 16.62,
18.32, 18.43, 17.36, 17.86 °C, whereas the accumulations
for the enfire period were 1946.63, 2158.05, 2173.54,
2043.82, and 2106.14 °C day) for full-sun conditions and
35%, 50%, 65%, and 80% shading, respectively.

The thermal requirement for emergence of one
leaf on the main stem was estimated based on the
data obtained for thermal sum and number of leaves
(NF). Full-sun and 80% shading conditions presented

the same thermal requirement (109.89 °C day leaf-1)
(Figure 4), which was higher than those found for the
other evaluated shading conditions. The lowest result for
this variable (91.74 °C day leaf-1) was found under 50%

50 65 80
)

Shading level (%

Figure 4. Phyllochron for the mean number of leaves in Annona
squamosa L. seedlings grown under different shading conditions,
during the period from May 21, 2020 to February 05, 2021. Sinop,
MT, Brazil, 2021

120 1

100 4 I
0 A . I

Full-sun 35

Phylloxheon
(°C day leave-1)

o 0]

S o

N
(@]
!

N
o
1

shading.
Estimation of number of leaves (NF)

The WE model overestimated NF regardless of the
shading environment (Figure 5), whereas the phyllochron
model underestimated NF under full-sun conditions and
80% shading. In general, the phyllochron model presented
closer alignment with the 1:1 line (simple linear regression
passaging through the origin) and higher coefficients of
determination (R2) than those adjusted for the WE model,
thus resulting in better estimates of NF throughout the
seedling development cycle.

The temperature and relative air humidity in full-
sun and shaded environments vary between the dry
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1 R?=0.9372
20 1 FL =0.923x - 0.2978
4 R2=0.9514
0 - T T T T T T T v T T 1
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Figure 5. Number of leaves (NF) observed and estimated by the
phyllochron and Wang & Engel models for Annona squamosa L.
seedlings grown under full-sun conditions (A) and 35% (B), 50%
(C), 65% (D), and 80% (E) shading, from May 21, 2020 to February
05, 2021. Sinop, MT, Brazil, 2021.

and rainy seasons in the transition region between the
Cerrado and Amazon biomes (Montfeiro et al., 2016).
An increase of 1.10 °C was found for mean temperature
under full-sun conditions during the rainy season (Figure
2), characterizing this period as the hottest season, as
reported by Souza et al. (2013).

The lowest daily mean thermal amplitudes were
alsofound during thisseason, resulting from the dynamics of
water vapor and cloud formation in the region. Increased
cloud cover decreases the incidence of global radiation
during the daytime period and changes the longwave
balance during the nighttime period, as the atmospheric
longwave emissions increase; consequently, surface
cooling decreases, i.e., resulfing in lower air temperature
reduction gradients at night, compared to the dry season
(Santos et al., 2013). Thus, decreases in thermal amplitude
under full-sun condifions during the rainy season can be
correlated with increases in minimum daily temperatures
and decreases in maximum daily temperatures.

Therefore, the highest daily thermal amplitudes
were recorded during the dry season, which are explained
by the highest indexes of atmospheric tfransmissivity during
the daytime period, facilitated by the low attenuation of
solarradiation by clouds, water vapor, and aerosols (Souza
et al., 2016). Increased longwave (infrared) emission from
the surface and decreased occurrence of aftenuating
agents result in significant variations in latent heat levels
near the ground surface between the sunrise and sunset,
increasing the maximum temperatures during the day
and decreasing the minimum temperatures during the
night due to heat losses caused by low atmospheric
longwave emission.

Information on temperature dynamics under
full-sun conditions is essential for understanding the
dynamics of shaded environments (Table 1), as shade
screens are primarily used fo reduce direct sunlight
incidence and, consequently, air temperature (Borella
et al., 2021). The 65% and 80% shade screens decreased
the mean temperatures compared to full-sun conditions.
Conftrastingly, all shaded environments presented
higher mean relative air humidity compared to full-sun
conditions.

The microclimate dynamics found in the
environments with 35% and 50% shading, characterized
by higher mean temperatures throughout the dry and
rainy seasons, were similar to those reported by Monteiro
(2015), Borella et al. (2021), and Bueno et al. (2021). The
higher amount of retained radiation (energy storage) and
higherwind attenuationin these environments, compared
fo full-sun conditions, contribute to a greenhouse effect

Comunicata Scientiae, v.14: 3973, 2023
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in shaded crop environments. However, environments
with 65% and 80% shading have increased radiation
absorption by the shade screen due to the meshes;
however, losses to the atmosphere through longwave
emissions tend fo be higher, decreasing heat under the
shade screen.

Air temperature is still considered the main
meteorological element affecting plant development
and growth (Segantini et al., 2014). Plant species have
an optimal temperature (Topt) for their physiological
processes, as well as thermal limits know as minimum
basal temperature (Tb) and maximum basal temperature
(TB), which represent the minimum temperature required
for the activation of metabolic processes in the plant and
the maximum temperature above which the respiration
rate exceeds the photosynthetic rate (Souza et al., 2009).
The Tb (11.0°C) and TB (38.0 °C) found for A. squamosa in
the present study (Figure 3) are similar to those obtained
for other fruit species, such as Theobroma grandiflorum (15
and 35 °C) (Ferraz et al., 2012) Mangifera denotes (13 and
32 °C) (Rodrigues et al., 2014), Anacardium occidentale
(10 and 30 °C) (Matos et al., 2014), and Passiflora edulis
(10 and 36 °C) (Hurtado-Salazar et al., 2015), respectively.
shaded
environments enables the simulation of several climate
conditions, thus accelerating the process of obtaining
these thermal limits, enabling microclimate variations

Determining basal temperatures in

in a short time interval. One of the main limitations for
determining basal tfemperatures is the need to subject
crops (species/cultivar) to different microclimates, which
can only be evaluated under normal field conditions in
different years or regions, requiring the conduction of
several simultaneous experiments and/or long-duration
experiments.

The different microclimate dynamics among
the evaluated environments affected the accumulation
of thermal energy in A. squamosa seedlings, as the
accumulated thermal sum (TSa) varied from 4197.52
(full-sun conditions) to 4550.41 °C day (50% shading) at
260 DAT (Table 2). TSa variations in seedlings growing
under shading condifions were reported by Monteiro
et al. (2014) for Adenanthera pavonina, Cassia fistula,
Hymenolobium petraeum, and Parkia pendula, and by
Borella et al. (2020) for Dipteryx alata.

Commonly, the thermal sum can vary for the
same plant species growing in different regions and
under different climate conditions and cultural practices,
resulting in variations in the duration of phenophases and
cycles. Ferreira et al. (2019) evaluated Psidium guajava
considering 12 sowing fimes and found variation from

126 to 192 days in the duration of the seedling stage:
the shortest stage occurred under higher maximum,
mean, and minimum temperatures (29.0, 22.6, 18.0 °C),
whereas the longest seedling stage occurred under lower
maximum, mean, and minimum temperatures (27.6, 20.4,
15.0 °C, respectively).

The A. squamosa seedlings evaluated in the
present study did not progress tfo a different stage,
remaining in the vegetfative stage throughout the
experimental period. However, the results (Table 2)
denote that seedlings under 50% shading could have
shorter stages and, consequently, shorter cycles, which
could lead to a shorter permanence of these seedlings
in the nursery.

The environment with 50% shading presented
higher TSa than that found in the other environments, as
maximum temperatures higher than TB and higher daily
mean femperatures were recorded in this environment
for a total of 110 days during the experimental period.
Plants can present molecular and biochemical sensitivity
or tolerance responses caused by
temperatures higher than TB.

In this context, some deleterious effects caused
by heat have been reported in the literature, such as

fo heat stress

increased reactive oxygen species in Syringa vulgaris
(Jedrzejuk et al., 2016), destabilization of membranes with
increased fluidity in Calendula officinalis and Vernonia
ferruginea (Nazdar et al., 2019; Amaral et al., 2020),
and damage fto the cell membrane and chloroplast
structures (Guo et al., 2017).
However, some plant resistance responses reported in the
literature include increased activity of antioxidants such
as superoxide dismutase, catalase, and peroxidase in
Dahlia pinnata and miniature roses (Qin et al., 2018; Zhao
et al. 2018), increased proline contents in V. ferruginea
and D. pinnata (Qin et al., 2018; Amaral et al., 2020),
and increased activity of heat shock proteins in Paeonia
suffruticosa (Zhang et al., 2015).

All these responses to the heat stress assist the
plant to improve its thermal tolerance to withstand higher
temperatures that would otherwise be lethal. However, it

in Potentilla fruticosa

is not possible to state that the evaluated A. squamosa
seedlings presented tolerance or sensitivity responses to
heat stress, as no biochemical and molecular analyses
were carried out.

Nevertheless, temperature and microclimate
effects on plant morphology were found, mainly regarding
number of leaves (NF), which presented variations among
the environments throughout the experimental period
(260 DAT), with cumulative NF means of 44, 48, 42.3, 41.6,
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and 45 leaves for full-sun conditions and 35%, 50%, 65%,
and 80% shading, respectively (Figure 5).

Light also affects the development of new leaves,
as ontogenic initiation occurs at the apex of plants grown
underlight, through the negativeregulation of KNOX genes
and signaling of hormones such as cytokinins and auxins,
which are responsible for maintaining the functions of the
apical meristem of the stem and directing this meristem
towards leaf initiation; under opposite conditions, the
meristem ceases the leaf production (Byrne, 2012).

The leaf initiafion process involves the action
of cytokinins and auxins, but also involves the action of
hormonessuch abscisic acid and ethylene, thusregulating
NF through leaf senescence and abscission, which are
processes that naturally occur to renew the leaf area or
as a morphological strategy to overcome some abiotic
stress, such as drought and high light intensity conditions
(Pariz et al., 2010). These conditions may explain the
difference between the observed NF and that estimated
by the WE model for full-sun conditions, as the model
considers cumulative NF and does not consider leaf
abscission.

Cumulative NF is one of the main parameters
for evaluating plant development in response to
temperature and is directly connected to leaf area
evolution, thus, directly affecting the inferception of the
solar radiation used in the photosynthetic process (Streck
et al., 2003; Xue et al., 2004). Therefore, this parameter is
highly important for ecophysiological studies.

Phyllochrons of 109.89 and 91.74 °C day leaf-
1 (Figure 4) were found for 80% and 50% shading,
respectively, based on linear regressions. These resulfs
are lower than the mean phyllochrons found for D.
alata (191.04 °C day leaf-1) (Borella et al., 2020) and for
Fragaria ananassa in the second cycle (122.73 °C day
leaf-1) (Zeist et al., 2019); however, they are higher than
those found for P. guajava (76.06 °C day leaf-1) (Ferreira
et al., 2019), A. pavonina (11.40 °C day leaf-1), C. fistula
(19.54 °C day leaf-1), H. pefraeum (26.72 °C day leaf-1)
and P. pendula (30.30 °C day leaf-1) (Monteiro et al.,
2014), and for F. ananassa in the first cycle (50.8 °C day
leaf-1) (Zeist et al., 2019). These results show the diversity
among plants regarding thermal requirements for leaf
emergence, which may extend to other phenological
stages or the entire plant cycle. Thus, thermal sum is an
essential parameter for predicting the growth dynamics
and planning crop seasons and agricultural acfivities.
provided better NF
estimates (higher R2 and closer to the 1:1 line) in all crop

The phyllochron model

environments (Figure 5). Contrastingly, the WE model was

more efficient for estimating NF in Eucalyptus grandis
and Eucalyptus saligna (Martins & Streck, 2007), Manihot
esculenta (Samboranha et al., 2013), and Olea europaea
(Martins et al., 2014).

Despite showing higher efficiency in estimating NF
for the evaluated environments, the phyllochron model is
significantly questionable as it considers a linear growth
response to air temperature, which is not fully accepted
from the biological point of view, as leaf emergence
has a nonlinear response near cardinal temperatures
(minimum, optimum, and maximum) (XUE et al., 2004).
However, this model presents some advantages, such as
a small number of coefficients and ease of application,
making it efficient for estimating NF in different crops,
such as eucalyptus (Martins et al., 2007), O. europaea
(Martins et al., 2012), Brassica spp. (Dalmago et al., 2013),
P. guajava (Ferreira et al., 2019), F. ananassa (Zeist et al.,
2019), and Avena safiva (Delatorre et al., 2021).

Conclusion

The minimum and maximum basal temperatures
found for the growth of Annona squamosa L. were 11.0
and 38.0 °C, respectively. Increasing shading levels in
the growing environment affected the accumulation of
thermal energy and the leaf emergence in A. squamosa
seedlings. Leaf emergence in this species was best
estimated using the phyllochron model.

The production of A. squamosa seedlings
seedlings under 50% shading is recommended as it
resulted in higher degree-day accumulation and lower

phyllochron for leaf emergence.
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