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Abstract: Gibberellic acid (GA3) may help to synchronize coffee flowering, whilst ethylene
(in the form of Ethephon) may assist in advancing coffee berry maturation even when
applied in the pre-flowering stage of phenophase. Functional–structural plant modeling
(FSPM) can be used to help understand whole-plant responses, such as plant-scale pho-
tosynthesis. FSPM has never been used to investigate the response of coffee plants to
external plant growth regulator (PGR) applications. We hypothesized that treatment with
PGRs at the beginning of berry maturation (BM) during phenophase could (1) influence
plant leaf area and plant photosynthesis at the end of BM and (2) assist in the uniformity
of the berry maturation of seven-year-old coffee plants. Additionally, we assumed that
(3) the distribution of berries over the vertical plant profile could be related to the coffee
beans’ chemical quality, and that irrigated plants would have delayed maturation, but a
higher yield than non-irrigated (NI) plants. To test these hypotheses, a short sustainable
period of irrigation was applied six weeks before harvest. Irrigated plants were treated
with GA3 or Ethephon. A combination of field measurements (leaf gas exchanges, berry
collection and bean chemical analyses in relation to vertical plant strata) and computer
modeling were used. At the beginning or the end of BM, coffee trees were coded using the
VPlants modeling platform and reconstructed using CoffePlant3D software to compute
the plant leaf area and plant photosynthesis. The greatest number of second-order red
berries were found in the upper stratum, S3 (>160 cm), while slightly fewer were found
in S2 (80–160 cm) belonging to the third-order axes, and the lowest number was found
in S1 (<80 cm). Green berries were more representative in S2, with the greatest number
belonging to the third-order axes. The participation of third-order axes in berry yield was
up to approximately 37% for red berries and 25% for green berries. The greatest separation
between PGRs could be seen in S2, where more berries in the Ethephon-treated plants were
found than in the GA3 treated ones, while the dry mass (DM) percentage was higher in
GA3 than in the Ethephon treatment. The percentage of DM in fresh mass was 17–28% in
the green berries and 28–36% in the red berries. PGRs were important for homogenous
berry maturity, especially GA3, which also showed the lowest total chlorogenic acid content.
The NI plants showed reduced red and total berry production when compared to irrigated
ones, indicating this horticultural measure is important, even during a sustainably reduced
six-week period, due to preserved leaf area and plant photosynthesis, and it also increased
the lipid and kahweol contents of irrigated plants when compared to NI plants, despite the
maturation delay.
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1. Introduction
The flowering of Coffea arabica L. (Arabica coffee) in the regions of Central and South

Brazil usually occurs with two to four flowering flushes per crop [1,2]. Various flowering
periods induce asynchronization in coffee fruit ripening, which results in chemical modifi-
cations of coffee beans [2,3] and beverage quality [4], even when manually collecting the
berries over various harvest periods. Additionally, when the coffee berries are mechanically
harvested [5], the unripe berries lead to an astringent, grassy, hay-like, barn-like, or pea-like
beverage taste, which negatively impacts coffee type classification [6].

Understanding which factors influence the plants’ physiological processes is crucial
for developing strategies to improve berry maturation and overall coffee quality. The
flower differentiation in serial buds in Arabica coffee is related to short day length, and
this species is highly sensitive to changes of 30 min [7], as detected by several components
of the circadian clock, which transform inductive photoperiodic signals into chemical
and molecular signals that are directly associated with gene expression regulation related
to flowering [8]. The period of floral development is different for cultivars of different
maturation types, and lasts for three months in early cultivars and five months in late
cultivars [9]. A long dry period occurring during the coffee-flowering stage in phenophase
seems to help the coffee flower buds become sensitive to, and respond to, environmental
stimuli [10,11]. After the coffee plants’ anthesis, the phenophases of leaf area and berry
expansion occur [12], followed by the phenophase of berry maturation, during which
berries are suitable for harvest [9,13]. In coffee plant physiology, the berries become a
sink during all these phenophases, but interestingly, a decreased leaf photosynthesis rate
(A) is observed in half-crop-load and full-leaf-area trees, meaning that a decreased A
in coffee trees with a reduced load is independent of carbon metabolism, and, coupled
with the decreased CO2 availability inside leaves, is regulated by stomatal conductance
(gs) [14]. The coffee berry load increases with age, being higher in the second harvest
when compared to the first, and shows a positive and significant effect on the A that is
not expected for the leaf-to-fruit ratios obtained previously [15]. This result suggests that
the source–sink relationship may vary with crop age and phenological phase, and it is not
entirely dependent on the leaf-to-fruit ratio [16]. Therefore, the environmental variations,
agricultural management [17], plant age [15] and genetic structure [18] will determine the
final yield and quality of coffee plants.

Coffee maturity is most easily classified by berry color. The ripening stage with
a purple/red color is known to be the optimal time for harvesting, characterized by
predominantly glycoside and flavonoid synthesis, which differs from previous stages of
green or orange/red berries [19]. Uniform Arabica coffee maturation is found to increase
in orchards planted at altitudes greater than 900 m [20]. Growing coffee in 45% shade
positively affects bean size and composition (with lower sucrose, chlorogenic acid and
trigonelline content), as well as beverage quality, which is due to the delay in berry ripening
by up to one month [21]. Coffee bean chemical composition is also impacted by light
availability along the plant strata, with proteins that decrease from the bottom (shaded) to
the upper strata (highly exposed to light) [22].

In climates characterized by one long and very dry period, coffee plants grown under
rainfed conditions can completely fail to produce flowers or fruit in some years [23]. On
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the other hand, withholding irrigation in the pre-flowering stage contributes to uniform
fruit maturation in Arabica coffee, even though the flowering does not occur within one
single moment [24]. Uninterrupted irrigation induces non-uniform blossom, leading to
uneven berry ripening and impaired harvesting efficiency [25]. An adequate water deficit
in this flowering phenophase will induce more uniform coffee flowering, but irrigation is
needed posteriorly to assure good floral initiation, positively impacting the final yield [26].
Controlled irrigation during the dry period associated with adequate NPK fertilization will
increase berry yield and promote the formation of chemical components such as lipids,
chlorogenic acids and caffeine [23]. The berry yield increases up to the 5–6th years of plant
age, maintaining similar production up to the 7–8th years, and after that, there is a rapid
decrease in productivity [27].

Coffee berry maturity can be promoted by the external application of plant growth
regulators (PGR) and synthetic phytohormones, such is gibberellic acid (GA3), which may
help to synchronize coffee flowering, whilst ethylene (in the form of Ethephon) may assist
in advancing coffee berry ripening even in the pre-flowering stage [28]. Ethylene is a plant
hormone that can stimulate or inhibit cell growth, induce flowering and sprouting, and
promote the senescence of tissues and organs, the ripening of fruits, and the abscission of
fruits and leaves [29]. Ethylene synthesis occurs in all plant parts, while its translocation
is carried out by diffusion throughout the tissues, as a gas or dissolved in the xylem
sap. Its synthesis may be stimulated by synthetic products, such as Ethephon, found in
liquid form in commercial formulations [29]. Phytohormones act as key signal molecules
that regulate various physiological and biochemical processes under normal and stressful
conditions [30]. PGRs have great potential to improve agricultural yield and soil health,
with low dependence on synthetic fertilizers and pesticides, making them an important
option for farmers and growers looking to increase productivity and profitability in a
sustainable manner [31]. For example, the commercial mixture of gibberellic acid, auxin
and cytokinin zeatin applied in various phenophases can improve the productivity of
Arabica coffee up to 46.9% [32].

Under water stress conditions, coffee leaf gas exchanges (A, gs, and transpiration –E)
generally decrease due to stomata closing in order to reduce transpiration [33–35]. Under
drought conditions, carbon fixation will be reduced in coffee leaves, negatively affect-
ing the production of the photosynthates needed for both vegetative and reproductive
growth [12,22,36]. Functional–structural plant modeling (FSPM), using 3D virtual coffee
trees, can help integrate leaf A when considering whole-plant photosynthesis (Ap

′′) and
helps in the understanding of whole plant responses to drought among genotypes and
over time [35]. After four drought events that coffee plants experienced in the field, the
A, gs, E, and carboxylation efficiency were found to be similar when comparing irrigated
and rainfed conditions, suggesting the acclimation of leaf gas exchange to the environment,
while Ap

′′ is always benefited by irrigation, due to increased plant leaf area [35].
FSPM has rarely been developed or adapted to evaluate the action of hormones and

PGR in plants, as the software package was originally based on the VirtualLeaf framework,
enabling the reuse of existing models and sub-model, permitting simulations of PGR
inter-organ transport [37], or in a 3D model unifying auxin transport mechanisms [38]. As
FSPM has never been used to investigate the response of coffee plants to external hormonal
applications, here, we hypothesize that the external application of PGR (GA3 and Ethephon)
at the beginning of BM would (1) have an impact on plant leaf area and Ap

′′ at the end of
BM, and (2) assist in the uniformity of berry maturation of seven-year-old coffee plants.
Additionally, we assumed (3) that the distribution of berries throughout the vertical plant
profile could be related to coffee bean chemical quality, and that sustainably irrigated (IRR)
plants (short-term irrigation during the BM) could delay maturation but result in higher
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yields than in not-irrigated (NI) plants. To test those hypotheses, leaf A was integrated at
the plant scale through FSPM and the distribution of berries over the plant vertical profile
was analyzed, together with the berry yield and chemical composition of coffee beans.

2. Materials and Methods
2.1. Field Conditions and Plant Material

The experiment was carried out at the Embrapa Environment Research Station
(22◦43′ S, 47◦01′ W, 570 m a.s.l.), Jaguariúna–SP, Brazil. The climate is tropical, of Cwa
type according to the Köppen classification, with hot rainy summers and dry winters [39].
The limiting factor for Arabica coffee vegetative growth in this climate is defined by low
autumn and winter precipitations, which occurred in the period of coffee cultivation for
the 2018 harvest, when a dry period was observed from April to May 2018 (Figure S1).

Seedlings with three to four pairs of leaves from one common cultivar, ‘Catuaí Ver-
melho IAC 144’, were transplanted to the field in March 2011, in a planting design of 3.5 m
between rows and 0.6 m between plants in the row (~4700 plants ha−1). The soil in the
experimental area is an alic, dark red latosol [40]. Two plots were selected, each of 25 m
in length, containing four lines in a north–south orientation, one for short–term irrigation
(IRR) and the other for rainfed (NI) conditions. In March of 2018, representative and similar
seven-year-old plants were tagged in the central two lines of each of two experimental
plots, twelve under IRR (because of PGR applications) and four under NI conditions, with
heights of approximately 2–2.3 m.

The hoses for drip-irrigation were installed next to coffee tree trunks. Irrigation was
applied only from April to May 2018 (start of the dry season/autumn), from the beginning
to the end of the BM phenophase, based on a soil-water balance method, aiming at restoring
the soil water field capacity [41]. NPK fertilization was performed by applications of
1000 kg ha−1 year−1 (20:5:15 NPK formulation, 210 g plant−1) split into three applications
(350/350/300 kg ha−1) during the period of active vegetative growth (from October to
March). These high doses were necessary for seven-year-old plants [23,42].

2.2. Treatment with Plant Growth Regulators (PGRs)

In this experiment, GA3 and Ethephon were applied only to irrigated plots, using
four plants per treatment. For the preparation of GA3, a stock solution was prepared using
1 g of GA3 (C19H22O6, Sigma-Aldrich, Darmstadt, Germany) dissolved in 10 mL of pure
ethanol and then diluted in 1 L of distilled water to obtain a concentration of 1000 ppm. To
prepare the application solution, 25 mL of the GA3 stock solution were diluted in 500 mL
of distilled water to obtain a GA3 concentration of 50 ppm with a drop of Tween™ 20
(Sigma-Aldrich, Darmstadt, Germany). For Ethephon preparation, a stock solution was
also used, composed of 0.1 g (100 mg) of pure Ethephon (2–chloroethyl phosphonic acid,
96%, Sigma-Aldrich, Darmstadt, Germany) diluted in 100 mL of distilled water to obtain
a concentration of 1000 ppm. For the application solution, 25 mL of the Ethephon stock
solution was diluted in 500 mL of distilled water to obtain a concentration of 50 ppm with
a drop of Tween™ 20.

GA3, Ethephon, and distilled water (control) applications, in a quantity of 125 mL per
plant, were performed on 12 April 2018 when all berries were expanded and green. These
applications were performed from the tops to the bottoms of plants and were done until
the liquid dripped off the berries, even if leaves and branches were also attained.

2.3. Leaf Gas Exchange Measurements and Photosynthetic Capacity Modeling

The field measurements of leaf CO2 assimilation (A) versus CO2 inside the leaf (Ci)–A/Ci

curve measurements were performed on fully expanded leaves in the middle (S2: 81–160 cm)
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and upper (S3 > 160 cm) strata of the canopy and in fully expanded leaves of 2nd-order
axes, six weeks after the IRR piloting and PGR treatments. S1 (<80 cm) was not considered,
because of the low number of leaves and the absence of a live terminal apex at the 2nd-
order axes. Detailed C. arabica architecture descriptions and quantifications by strata
were carried out in relation to plant density, genotype, water regime or external CO2

concentrations [2,12,16,22,40,43]. A/Ci curve measurements were performed using an
infrared gas analyzer LICOR 6400 (LICOR, Lincoln, NE, USA) with a 6400–02B light source
(blue and red diodes) on sunny days between 8:00 and 11:30 a.m. The leaf chamber
conditions were set to a photosynthetic photon flux density (PPFD) of 800 µmol m−2 s−1,
humidity 50–60%, leaf temperature of 25–30 ◦C and an air flow of 400 µmol s−1, while the
external CO2 was set at the following steps: 400, 300, 200, 100, 0, 100, 200, 400, 600, 800,
1000, 1200 ppm. For each step, we allowed 2 min of stabilization time.

Five key parameters were modeled from the A/Ci curves: Vcmax (the maximum
carboxylation rate of RuBisCO), Jcmax (maximum rate of electron transport for the given
light intensity), TPU (maximum rate of triose phosphate use), Rd (daily dark respiration),
and gm (mesophyll conductance) adjusted for a temperature of 25 ◦C (thus removing any
stomatal influence). The AC3 photosynthesis model [44] was used as a base to fit the
Anet/Ci data, along with using a provided spreadsheet [45].

Before each A/Ci curve was recorded, one instantaneous record of A, gs, E, Ci and
leaf-to-air vapor pressure deficit (VPDleaf–air) was effectuated for each measured leaf
at 400 ppm of CO2, and those field-measured values were used to calculate leaf gas
exchange traits.

2.4. Plant Coding, 3D Reconstructions and Plant Photosynthesis Computing

The coffee plant structure was encoded in multiscale tree graphs (MTGs) [46] using
three scales of decomposition—plant, axes and metamers. This was carried out on two
dates in 2018: (1) before the start of irrigation (March), at the end of the berry expansion
phenophase (BE), and (2) in BM when berry collection was carried out (May). The first
date served to confirm the similarity among the chosen plants based on total plant area.
Due to the long time periods necessary for MTG coding, about two to three days per coffee
plant when carried out by two people, only two plants per treatment were considered,
as was the case in previous studies [47,48]. The topological and geometric coffee traits
were the same as in [12]. 3D reconstructions and visualizations were performed using
CoffePlant3D software [49], which integrates a series of mathematical, computational
and statistical methods to accurately reconstruct coffee plants in 3D, whatever the level
of details available. The 3D reconstructed plants were rendered and visualized using
PlantGLViewer [50], and exported to VegeSTAR, a software that allows the calculation
of plant leaf area (LA), PPFD interception, and Ap

′′ based on light distribution among
the organs of the plant canopy or plants [51]. The calculation of Ap

′′ using VegeSTAR
requires information about sun azimuth and height, global radiation, diffuse radiation, air
temperature and CO2. Detailed daily physical and meteorological parameters, such as daily
variation in PPFD and temperature, were measured during a previous experiment [40],
while other parameters were calculated using VegeSTAR (Sun azimuth and height). For the
Ap

′′ computing, the modeled Vcmax, Jmax, and Rd were used to differentiate each plant and
strata (see Section 2.3).

The validation of architectural modeling was performed using two approaches. The
first was undertaken at the plant scale by comparing measured and reconstructed LA. The
measurements based on leaf area index (LAI) of four treatments at two phenophases (BE
and BM) were performed using an LAI-2000 plant canopy analyzer (LICOR, Lincoln, NE,
USA). The procedure comprised a set of ten readings: the first was taken above the coffee
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plants, and the next eight below the tops of the plants at 0.1 m and at 0.35 m from the trunk
oriented to the four cardinal points; the tenth reading was taken again above the coffee
plants [46].

The second validation included measured (see Section 2.3) and estimated leaf photo-
synthesis. The last was performed for leaves reconstructed with 16 triangles [49], used to
estimate single-leaf photosynthesis (A′, µmol m−2 s−1) [35]. The estimated values (A′) were
extracted from VegeSTAR outputs, where the position of the leaf at which A was measured
was considered. Finally, the A′ values were compared to A values. Mean diurnal plant
photosynthesis (Ap

′′) was obtained by the integration of the mean diurnal leaf photosyn-
thesis of a plant (Ap

′) and the LA of a plant in m2; this factor was also estimated via 3D
reconstruction [35,43].

The MTGs, resulting from field coding, were used to determine and quantify the
distribution of berries and the distribution of their ripeness in the Z dimension. In March
2018, all of the berries were at the end of expansion, and all were green. The quantification
of the remaining number of berries and their qualifications (red, green) took place before
harvest, and their positions differed between the second and fifth branching order axes in
BM. The berries derived from different branching orders were uploaded into the analysis
of irrigation efficiency and the effect of PGR on berry maturation. As a difference in berry
number in BM and BE, the % of berry lost (shut) was calculated for each treatment.

2.5. Berry Harvest

Coffee berries were harvested from four plants in each treatment over the three strata
of the vertical plant profile, S1–S3. Berry collection was carried out between 23 and 25 May,
2018. After the harvest, berries were separated into red (mature) and green (not mature),
and their fresh masses (FMs) were weighed separately. Those berries were dried separately
in an airstream in the shade, and weighed when they had attained a stable dry mass (DM).
The ratio of red to green berries in DM was calculated, as was the percentage of DM in the
FM of red and green berries.

2.6. Coffee Bean Chemical Analysis

The dried red berries were separated from the berry husks and impurities, resulting
in representative coffee beans. Defective beans were excluded prior to grinding. As the
quantity of beans from the S1 was very low, the analyses were performed only on beans
originating from S2 and S3. The processed beans were stored in a dry area in paper bags.
The coffee beans from each PGR-treated plant, each stratum and each water availability
area were frozen with liquid nitrogen at −196 ◦C and then ground in a laboratory disk mill
(Perten 3600, Kungens Kurva, Sweden) to a particle size of 0.5 mm, packed in plastic bottles,
and kept at −18 ◦C until analysis. The determination of caffeine (CAF), lipids (LIP), protein
(PRO), sucrose (SUC), total sugar (TS), total chlorogenic acid (CGA), kahweol (KAH) and
cafestol (CFT) in coffee beans was performed using a near-infrared spectroscopy technique
(NIR, SYSTEM 6500 spectrophotometer, Foss–Perstorp employing ISIscan software, Foss,
Silver Spring, MD, USA). The ISIscan software package (Foss) was used to control the
recorder, to collect the spectra, and to import and analyze the data. The NIR reflectance
spectra were collected at 2 nm intervals from 1100 to 2500 nm using a rectangular cell
containing 6 g of ground coffee beans, and all data were saved as the average of 32 scans.
Two replicates of the NIR spectra were collected for each coffee sample (four for each
stratum per plant) and averaged. The concentration of each compound was calculated
using a prediction model [52,53].



Sustainability 2025, 17, 3803 7 of 23

2.7. Statistical Analysis

The ‘R’ [54] libraries and functions were used for statistical analyses. The experimental
design was completely randomized, with plant or stratum as statistical units, and two or
four repetitions carried out. Data were subjected to analyses of variance (ANOVA), after
testing the hypothesis of variance homogeneity. Two-way ANOVA considered a mixed
linear model (‘nlme’ package) and maximum likelihood was used to test for significant
differences among the effects of plant growth-regulators (GA3, Ethephon and control),
plant strata or water regimes (IRR and NI) and plant strata on coffee berry mass and
green bean chemical composition. If no significant interaction was found, the model re-
duction was applied and fitted again. A one-way ANOVA was also applied to estimate
the effects of PGR or water regimes on leaf gas exchanges, A/Ci curve parameters, pho-
tosynthesis at the plant scale, or percentage of berries or leaf area over different order
branches. In comparison, among the averages estimated by the ANOVA models, the
Tukey HSD test with a significance of 0.05 was used, supported by ‘lsmeans’ (for least-
squares mean calculation) and ‘multcompView’ (for visualization of pairwise comparisons
in ANOVA statistical analysis) packages. The accuracy of modeling was estimated through
linear regressions comparing measured (A) and estimated (A′) leaf photosynthesis or
measured and estimated LAI, considering root mean squared error (RMSE), R2, and bias
(package ‘qpcR’).

3. Results
3.1. Leaf Gas Exchanges over the Plant Vertical Profile in Relation to PGRs or Water Regime

Among the leaf gas exchanges, A, gs and E did not vary with applications of PGR
or water regime modifications (Figure 1). Ci increased after GA3 application compared
to the control, while the opposite was observed for the VPDleaf–air response, with higher
VPDleaf–air values in the control than in GA3 plants (Figure 1A). Also, very slight modifica-
tions of leaf gas exchanges were observed due to the effect of vertical leaf position. Only
VPDleaf–air was higher in the upper S3 than in middle shaded S2 in both observed situa-
tions for PGR application (Figure 1A) and the two water regimes (Figure 1B). Interestingly,
VPDleaf–air was higher in irrigated plants than in NI plants (Figure 1B).

The most intensive Vcmax, Jmax, TPU and Rd were observed in plants treated with GA3,
while Ethephon and control plants showed lower values that were similar between the two
last treatments (Figure 2A). The irrigated plants had lower Rd than NI plants, as expected
(Figure 2B). gm did not vary with PGR applications, water regime or plant stratum. The
photosynthetic traits calculated from the A/Ci curves showed similar values for the two
distinct strata (Figure 2).

3.2. Validation of 3D Plant Reconstructions, Estimations of Leaf Area and Plant Scale
Photosynthesis in Relation to PGRs or Water Regime

The measured and estimated values of LAI were well adjusted when considering the
measured and reconstructed values, having a high R2 of 0.989, bias of 0.45 and RMSE of
0.251 for LAI of ~7 m2 m−2 (Figure 3A). Such an elevated LAI was related to the advanced
coffee age. We selected plants of similar sizes, and the LAI did not vary significantly.

The measured and estimated A values over two plant strata showed high adjustment,
expressed in elevated R2 (0.999), and very low bias (−0.08) and RMSE (0.076). The A
varied, because of the two strata wherein it was measured (one light-exposed and the
second shaded), which significantly impacted A intensity (from 2 to 14 µmol CO2 m−2 s−1)
(Figure 3B).

Plant LA was similar between the reconstructed plants in the BE phenophase, before
the application of PGR or irrigation (Figure 3C), which validates the good experimental
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procedure. In the BM phenophase, after receiving PGR and water regime treatments, the
highest plant LA was observed in control (irrigated) plants, while it was the lowest in NI
plants and in plants that received Ethephon.
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(gs, mmol m−2 s−1), leaf transpiration (E, mmol m−2 s−1), intracellular CO2 concentration (Ci, Pa)
leaf-to-air vapor pressure deficit (VPDleaf–air, kPa) in relation to: (A) plant growth regulators (PGR)
externally applied (gibberellic acid—GA3, ethylene—Ethephon or control—IRR) or (B) water regime
(irrigated—IRR or rainfed—NI) when evaluating different plant strata (S2: 81–160 cm, S3 > 160 cm).
Mean values ± SE are shown (n = 2). Inside each figure, different lowercase letters indicate significant
differences among PGR treatments or water regimes for each stratum, while different uppercase
letters indicate significant differences among strata for each PGR or water regime. gs values were
multiplied by 100, allowing al the values to be compared to other traits in the same figure.

The LA values of representative virtual plants of the two PGR treatments and the two
water regime treatments are shown (Figure 4A). Using such 3D reconstructions, the Ap

′

(Figure 4B) and Ap
′′ (Figure 4C) were computed. Similar to the A (Figure 1), the Ap

′ did not
differ among the PGR treatments (Figure 4B) or between the two water regimes (Figure 4C).
On the other hand, the Ap

′′ was similar among the PGR treatments (Figure 4D), despite a
lower LA in the Ethephon treatment (Figure 3C), but it significantly differed between the
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irrigated and NI plants (Figure 4E), being 32% lower under the NI conditions due to the
reduced LA (Figure 3C).
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Figure 2. Photosynthetic capacity traits modeled from the A/Ci curves: maximum apparent car-
boxylation velocity (Vcmax, µmol m−2 s−1), maximum apparent rate of electron transport (Jmax,

µmol m−2 s−1), day respiration rate (Rd, µmol m−2 s−1), maximum rate of triose phosphate use
(TPU, µmol m−2 s−1), mesophyll conductance (gm, µmol m−2 s−1 Pa−1) in relation to: (A) plant
growth regulators (PGR) externally applied (gibberellic acid—GA3, ethylene—Ethephon or control—
IRR) or (B) water regime (irrigated—IRR or rainfed—NI) when evaluating different plant strata
(S2: 81–160 cm, S3 > 160 cm). Mean values ± SE are shown (n = 2). Inside each figure, different
lowercase letters indicate significant differences among PGR treatments or water regimes for each
stratum, while different uppercase letters indicate significant differences among strata for each PGR
or water regime. Rd and TPU values were multiplied by 10, allowing all of the values to be compared
to other traits in the same figure.

3.3. The Distribution of Red and Green Berries over Branching Orders as Dependent on PGRs or
Water Regime

PGR application modified the participation of third-order red berries and the participa-
tion of the second-order green berries in the total number of berries harvested (Figure 5A).
The highest participation of third-order red berries was found after Ethephon application,
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while the lowest was seen after GA3 application. A lower participation of second-order
green berries was determined following Ethephon or GA3 applications when compared to
control. Similarly, under NI conditions, the participation of green second-order berries was
reduced, while the participation of the third-order red berries increased in comparison to
irrigated plants (Figure 5B).
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Figure 3. The 3D reconstruction manipulations using FSPM modeling: (A) validation of leaf area
index (LAI, m2 m−2) measured with LICOR 2000 and reconstructed from 3D mockups in berry
expansion (BE) and berry maturation (BM) phenophases; (B) validation of leaf net photosynthesis rate
(µmol m−2 s−1) measured (A) with LICOR 6400 and estimated (A′) from mockups at BM phenophase.
In (A,B), linear regression equations are shown together with respective R2, bias, RMSE, and 1:1 lines.
(C) The plant leaf area of 3D reconstructions (cm2) was estimated before (BE) and after (BM) the
application of plant growth regulators (PGR, gibberellic acid—GA3, ethylene—Ethephon or IRR—
control) or the modification of water regime (irrigated, IRR—control or rainfed—NI). Mean ± SE and
ANOVA p-values (marked in bold when significant) are shown (n = 2). Different lowercase letters
indicate significant differences among the four treatments.

The participation of fourth- and fifth-order berries in production was very low
(0–13.2%). It is worth considering the importance of third-order branching in berry produc-
tion, as it was slightly lower than or equal to second-order branch production, for both red
and green berries (Figure 5A,B). Following PGR application (Figure 5A), or under irrigation
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(Figure 5B), the third-order green berries were even more numerous than the second-order
ones, due to the positions of the former ones (more shaded, demanding longer maturation).

Sustainability 2025, 17, x FOR PEER REVIEW 11 of 23 
 

between the irrigated and NI plants (Figure 4E), being 32% lower under the NI conditions 
due to the reduced LA (Figure 3C). 

 

Figure 4. The 3D reconstruction computations of: (A) plant leaf area during the berry maturation 
phenophase in different plant strata (S1 < 80 cm, S2: 81–160 cm, S3 > 160 cm); (B) mean diurnal leaf 
photosynthesis (Ap’, µmol m−2 s−1) after the external application of plant growth regulators (PGR, 
gibberellic acid—GA3, ethylene—Ethephon and water—IRR); (C) Ap’ as a result of water regime 
(irrigated—IRR or rainfed—NI); (D) mean diurnal plant photosynthesis (Ap″, µmol plant−1 s−1) after 
the external application of plant growth regulators (gibberellic acid—GA3, ethylene—Ethephon, 
control—IRR); (E) Ap″ as a result of water regime (irrigated—IRR or rainfed—NI). Mean ± SE and 
ANOVA p-values (marked in bold when significant) are shown (n = 2). Different lowercase letters 
inside of the figures indicated significant differences among the treatments. 

3.3. The Distribution of Red and Green Berries over Branching Orders as Dependent on PGRs or 
Water Regime 

PGR application modified the participation of third-order red berries and the partic-
ipation of the second-order green berries in the total number of berries harvested (Figure 
5A). The highest participation of third-order red berries was found after Ethephon appli-
cation, while the lowest was seen after GA3 application. A lower participation of second-

Figure 4. The 3D reconstruction computations of: (A) plant leaf area during the berry maturation
phenophase in different plant strata (S1 < 80 cm, S2: 81–160 cm, S3 > 160 cm); (B) mean diurnal leaf
photosynthesis (Ap

′, µmol m−2 s−1) after the external application of plant growth regulators (PGR,
gibberellic acid—GA3, ethylene—Ethephon and water—IRR); (C) Ap

′ as a result of water regime
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The percentage of berries lost was calculated from the moment of PGR application and
from the beginning of irrigation up until harvest time (from the end of BE to the end of the
BM phenophase). Losses were 5.5 to 6.0%, and this was not impacted by PGR application
(PPGR = 0.996). Under the rainfed conditions, the loss was about 10.3%, significantly higher
than under irrigated conditions (PWater = 0.047).
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3.4. The Fresh and Dry Mass of Red and Green Berries over the Plant Vertical Profile as Dependent
on PGRs or Water Regime

The lowest production of FM and DM of red and total berries was observed in the low-
est plant stratum, S1, irrespective of the application of PGR (Figure S2A,C and Figure 6A,C,
respectively) or the water regime (Figure S3A,C and Figure 6A,C, respectively). Green
berry FM (Figure S2B) and DM (Figure 6B) did not differ between S1 and S3, and was
highest in S2. The total berry and red berry DMs of control or GA3 plants were the most
abundant in the highest S3 stratum, while in plants with Ethephon application, the highest
production was seen in S2 (Figure 6A and 6C respectively). The participation of red berries
in total FM and DM over the three strata was as follows: S3 > S2 > S1 (Figure 6D).

We wanted to determine whether coffee plants respond positively to PGR application,
increasing berry maturation as judged by DM and FM. The FM of red and total berries did
not differ among the two PGR treatments over three strata (Figure S2A,C). On the other
hand, lower FM and DM values of green berries were observed in the GA3 compared to the
Ethephon treatment (Figure S2A,B and Figure 6A,B, respectively), while higher percentages
of red berry FM and DM in total berry biomass were found in GA3 when compared to
Ethephon (Figure S2D and Figure 6D, respectively), indicating GA3 as the PGR with the
highest positive effect on berry maturation.

We also sought the response of FM and DM distribution to irrigation. The FM and
DM of red berries were lower under NI conditions only in S3, while no difference was
observed in S2 or S1 (Figure S3A,C and Figure 7A,C respectively). The FM and DM of
green berries were lower under NI than under irrigation (Figures 7B and S3B), suggesting
delayed maturation under irrigation. Finally, the percentage of red berries in total FM
or DM was not affected by water regime (Figure S3D and Figure 7D, respectively). The
irrigated plants had a lower percentage of red berries in S2 and S1 (shaded strata) than
plants grown under NI conditions.
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Figure 5. The percentage of red and green berries (maturation group) over 2nd to 5th branching
orders (O2 to O5) of plants after the external application of (A) plant growth regulators (PGRs—
gibberellic acid—GA3, ethylene—Ethephon, in control—IRR) or (B) water regime (irrigated—IRR,
or rainfed—NI). Mean values ± SE are shown (n = 2). Inside each figure, the results of two-way
ANOVAs with different lowercase letters indicate significant differences among PGRs or water
regimes for each maturation group and branching order, while different uppercase letters indi-
cate significant differences among branching orders for each maturation group and each PGR or
water regime.
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The percentage of accumulated DM in the FM of red and green berries was the highest
in S3, which consistently differed from S1 (Figure 8). PGR applications had no effect on the
percentage of DM in red berries (Figure 8A), nor the water regime (Figure 8C). In contrast,
the lowest percentage of DM in green berries was observed in the GA3 treatment, differing
from Ethephon and the control (Figure 8B), suggesting that GA3 can delay DM accumula-
tion in green berries at harvest time, in compensation for increased DM accumulation in
red berries, which can compete for assimilates with the green ones on the same plant. No
effect of water regime was observed on the percentage of DM of green berries (Figure 8D).
The percentage of DM was 17–28% in the FM of green berries and 28–36% in the FM of
red berries.
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Figure 6. Dry mass (DM) of (A) red, (B) green, and (C) total berries, and (D) percentage of red
berries in a total DM after the external application of (A) plant growth regulators (PGR) (gibberellic
acid—GA3, ethylene—Ethephon or water—IRR) observed over the three plant strata (S1 < 80 cm;
S2: 81–160 cm; S3 > 160 cm). Mean values ± SE and p-values (marked in bold when significant) are
shown (n = 4). Inside each figure, different lowercase letters indicate significant differences among
PGRs for each stratum, while different uppercase letters indicate significant differences among strata
for each PGR.
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Figure 7. Dry mass (DM) of (A) red, (B) green and (C) total berries, and (D) percentage of red berries in
the total DM dependent on water regime (irrigated—IRR or rainfed—NI) over plant strata (S1 < 80 cm;
S2: 81–160 cm; S3 > 160 cm). Mean values ± SE and p-values (marked in bold when significant) are
shown (n = 4). Inside each figure, different lowercase letters indicate significant differences between
water regimes for each stratum, while different uppercase letters indicate significant differences
among strata for each water regime.

3.5. The Chemical Composition of Coffee Beans over the Plant Vertical Profile Is Dependent on
PGRs or Water Regime

The PRO, LIP and CAF contents and the PC in coffee beans varied over the vertical
plant profile (Figure 9). PRO, CAF, and PC had lower concentrations in the upper well-lit
S3 than in S2, which contrasts the finding for LIP, which was more abundant in the upper
than in the middle canopy stratum. Coffee beans issued from plants treated with the two
PGRs, GA3 and Ethephon, showed lower LIP contents than the control (Figure 9A). The
CGA content in coffee beans was lower when plants were treated with GA3 than when
they were treated with Ethephon or in control plants. The PC content showed the following
order: control > Ethephon > GA3.
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Figure 8. The percentage of DM in the FM of red (A,C) and green berries (B,D) in relation to
externally applied plant growth regulators (PGR) (gibberellic acid—GA3, ethylene—Ethephon or
water—IRR), or water regime (irrigated—IR or rainfed—NI). Mean values ± SE and p–values (marked
in bold when significant) are shown (n = 4). Inside each figure, different lowercase letters indicate
significant differences among PGR treatments or between water regimes for each stratum, while
different uppercase letters indicate significant differences among strata for each PGR treatment or
water regime.

Under the NI condition, the LIP and kahweol contents were reduced when compared
to irrigated conditions (Figure 9B). The contents of sucrose, total soluble sugars and cafestol
did not vary over the vertical plant profile with PGR applications (Figure 9A) or under two
water regimes (Figure 9B).
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Figure 9. Chemical contents (% of dry matter) of coffee beans: PRO (proteins), lipids (LIP), caffeine
(CAF), SUC (sucrose), total soluble sugars (TS), total chlorogenic acids (CGA), phenolic compounds
(PC), kahweol (KAH), and cafestol (CFT) in relation to (A) plant growth regulators (PGR) externally
applied (gibberellic acid—GA3, ethylene—Ethephon or water—IRR) or (B) water regime (irrigated—
IRR or rainfed—NI) over different plant strata (S2: 81–160 cm; S3 > 160 cm). Mean values ± SE are
shown (n = 4). Inside each figure, the results of two-way ANOVAs are shown, and different lowercase
letters indicate significant differences among PGR treatments or water regimes for each stratum,
while different uppercase letters indicate significant differences among strata for each PGR or water
regime. CAF, KAH and CFT contents were multiplied by 10, allowing representative values to be
compared to those of other chemical components.
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4. Discussion
4.1. The Use of Architectural Analysis in Determination of PGR or Water Regime Impacts on
Entire Plant Photosynthesis, Plant Leaf Area and Berry Distribution over Branching Orders

The novelty of this experiment is related to the use of architectural analyses of berry
distribution along the second- to fifth-order axes (Figure 5) and Ap

′′ (Figures 4 and 5)
in determination of responses to PGRs and irrigation during the BM phenophase. The
architectural analysis showed significantly higher values of leaf and berry drop in NI and
Ethephon plants than in irrigated ones during the BM phenophase (Figure 3C), but Ap

′′

did not differ among the PGRs (Figure 4C), while it was lower under NI conditions than
under irrigation (Figure 4D) due to the reduced LA. Ethephon is a known bioregulator
that promotes leaf senescence and leaf drop, as seen in a cluster zone of grapevines during
the maturation phenophase [55]. This leaf drop does not interfere with other vegetative
and productive parameters, but improves the nitrogen use efficiency of vines, ensuring a
balanced nitrogen nutrition [56]. Such ratiocination can explain the Ap

′′ of coffee plants
treated with Ethephon, which, despite the reduced LA, did not differ from the results in
control or GA3-treated plants (Figure 4C). the FSPM application executed herein suggested
that drought had the greatest negative impact on CO2 assimilation at the plant scale,
indicating the necessity of crop irrigation in the BM phenophase.

The architectural analysis of fruit distribution by branching orders and vertical profile
suggests the importance of knowledge and experimentation that deals with other axis
orders, not just the second order in the middle third of the plants, as is normally con-
ceptualized in experiments with coffee plants [57]. The participation of the third order
axes in berry yield was up to 37% for red and 25% for green berries (Figure 5). After the
application of the two PGRs (GA3 and Ethephon), the percentage of third-order green
berries was reduced when compared to IRR (control), while under GA3 treatment, the
third-order red berry percentage was the lowest. Such distribution in GA3 plants can be
explained by an elevated percentage of second-order berries, and because GA3 application
synchronizes [58] and advances coffee berry ripening [28] even when applied during the
pre-flowering phenophase. There was an increased percentage of third-order green berries
under irrigation compared with NI conditions (Figure 5), indicating that the irrigated
plants had delayed maturation, as previously described under conditions of dense coffee
plantation irrigation [59]. The increased participation of green berries in third-order axes
also indicates that a great number of the third-order berries were issued following flow-
ering that occurred after the flowering of the second-order axes. This should be further
investigated in future studies.

4.2. The Use of PGGs to Increase Uniformity of Berry Maturation over the Vertical Plant
Profile—Relations to Bean Chemical Quality

When applied, liquid Ethephon decomposes to gaseous ethylene, which is promptly
absorbed by the plant tissues, stimulating the plant to produce more ethylene in a positive
feedback loop, which can be applied in various fruit phenophases, resulting in the benefit
of uniform maturation and the anticipation of the harvest [60], but without effects on
the final yield in the case of plums [61]. In grapevines, Ethephon application improves
technological and phenolic grape maturation parameters, such as pH, total polyphenols
and anthocyanin, and reduces the total soluble solids [55]. Similarly, this was also observed
in our experiments, where Ethephon increased total coffee bean polyphenols (Figure 9A),
impacted red berry FM and DM in the second stratum (Figures 6A and S2A), and led
to higher total berry mass (Figures 6C and S2C), and a higher percentage of red berries
of the third-order axes than in control plants (Figure 5A). GA3 application can help to
synchronize and advance coffee berry ripening when applied during the pre–flowering
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phenophase [28,58], while GA3 application induces the greatest metabolic differentiation
when compared to Ethephon and control treatments, with a possible influence on PC [62].

In the current study, CGA content was lower when the plants were treated with GA3
when compared to Ethephon treatment or control. The total coffee bean phenolic compound
contents showed the following order: control > Ethephon > GA3. This is in accordance with
a previous study [62]. In summary, both Ethephon and GA3 applications are important for
sustainable berry production, aiding bean homogeneity and quality.

4.3. The Use of Irrigation Increases Coffee Yield but Delays Berry Maturation—Relations to Bean
Chemical Quality

The coffee pericarp (also called the husk) comprises the exocarp, mesocarp and en-
docarp (also called skin, pulp, and parchment, respectively). The most abundant of these
three tissues is the pulp, comprising 30–40% of the whole fruit’s dry weight at maturity [63].
During coffee berry processing, the pericarp must first be removed using a dry, wet, or
semi-dry process, resulting in 50–80% of initial mass losses [64]. The ripe coffee berries are
more easily detached than the green ones, because the green berries are characterized by a
higher berry detachment strength than the ripe ones [65,66], indicating that lower injuries
and losses are expected to occur in red than in green berries during the harvest.

A green berry count of up to 20% in the harvest is considered tolerable, because
higher percentages can reduce coffee quality [67]. The quality of the green coffee berries
collected can be improved by immediate post-harvest peeling, which reduces acidity, and
chlorogenic acid content, and increases total sugar content and beverage quality [68]. In
mechanized harvesting, the participation of unripe (green) berries can surpass 20%, and
the participation of overripe berries can surpass 80%, even in densely planted orchards [69].
In our experiments, a limit of 20% of green berries was respected, while only the control
plants surpassed this limit in some samples, especially on third-order axes (Figure 5). In
any case, chemical quality was modified in different maturity groups, including CGA acid
and LIP fractions (Figure 9). In a previous paper, the metabolomic analysis of the plants
treated with PGRs showed that berries harvested from a highly shaded S1 are different to
those harvested at higher S2 and S3, in relation to CAF, LIP, sugars, and diterpenes [62]. In
the current study, CAF, protein and the total polyphenol contents had lower concentrations
in S3 than in S2, which is the opposite to LIP, this being more abundant in S3 than in S2
(Figure 9), in accordance with a previous study [62]. Higher sucrose, chlorogenic acid
and trigonelline contents in sun-grown coffee beans indicate incomplete bean matura-
tion [21], but such differences were not observed here, indicating the good maturation of
collected beans.

Judging by the total berry production, plants grown under NI conditions (exposed
to drought) showed reduced red and total berry production compared to irrigated
plants (Figures 7C and S3C), despite the finding that irrigation delayed maturation
(Figures 7D and S3D). Therefore, the question arises as to whether it is worth irrigating
coffee plants in the last months before the harvest. The answer is yes, it is valuable to
sustainably irrigate the coffee plants during the dry six-week period to preserve plant
structure (Figure 3C), Ap

′′ (Figure 4E), even if this measure could provoke a maturation
delay (Figures 5B and 7B,D), and it increases the LIP and kahweol contents when compared
to NI conditions (Figure 9B).

5. Conclusions
The novelty of this work is related to the architectural analysis of fruit distribu-

tion along the second to fifth branching order axes and on entire plant photosynthesis
based on FSPM in the determination of responses to PGRs and sustainable short-term
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irrigation during the phenophase of berry maturation. We are able to respond affirma-
tively to the imposed hypotheses—PGRs had a positive impact on the uniformity of
berry maturation in seven-year-old coffee plants, especially in the case of GA3. Judging
by the total berry production, plants grown under rainfed conditions and exposed to
drought during berry maturation showed reduced LA and plant photosynthesis, red and
total berry production and lipid and kahweol contents. As a general conclusion, during
dry periods, which occur in many coffee growth regions in the world, short-term sus-
tainable irrigation applied during six weeks of berry maturation is important, despite
causing delayed maturation when compared to rainfed conditions, with the possibility
that one term of additional application of PGRs that could increase the uniformity of
berry maturation.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/su17093803/s1, Figure S1: Daily maximum (Tair_max)
and minimum (Tair_min) air temperatures and rainfall (Rain) during the period from Arabica coffee
flowering to harvest and indication of the dry period (tagged with black oval) when the irrigation
was conducted; Figure S2: Fresh mass (FM) of (A) red, (B) green, and (C) total berries, and (D) % of
red berries in the total FM after the external application of plant growth regulators (PGRs) (gibberellic
acid—GA3, ethylene—Ethephon or water—IRR) over the plant strata (S1, <80 cm; S2, 81–160 cm;
S3, >160 cm). Mean values ± SE and p-values (marked in bold when significant) are shown (n = 4).
Inside each figure, different lowercase letters indicate significant difference among PGRs for each
stratum, while different uppercase letters indicate significant differences among strata for each PGR;
Figure S3: Fresh mass (FM) of (A) red, (B) green, and (C) total berries and (D) % of red berries in the
total FM dependent on water regime (irrigated—IRR or rainfed—NI) over plant strata (S1, <80 cm;
S2, 81–160 cm; S3, >160 cm). Mean values ± SE and p-values (marked in bold when significant) are
shown (n = 4). Inside each figure, different lowercase letters indicate significant differences between
water regimes for each stratum, while different uppercase letters indicate significant differences
among strata for each water regime.
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Abbreviations
The following abbreviations are used in this manuscript:

A Leaf photosynthesis rate
A/Ci curves Curves of leaf photosynthesis rate (A) versus CO2 inside the leaf (Ci)
Ap

′ Mean diurnal leaf photosynthesis of a plant
Ap

′′ Whole plant photosynthesis
BE Berry expansion phenophase
BM Berry maturation phenophase
CAF Caffeine
CFT Cafestol
CGA Total chlorogenic acid content
DM Dry mass
E Leaf transpiration
FM Fresh mass
FSPM Functional–structural plant modeling
GA3 Gibberellic acid, C19H22O6

gm Mesophyll conductance
gs Stomatal conductance
IRR Irrigated conditions or control plants
Jcmax Maximum rate of electron transport for the given light intensity
KAH Kahweol
LA Plant leaf area
LAI Leaf area index
LIP Lipids
MTGs Multiscale tree graphs
NI Not irrigated, rainfed conditions
PGR Plant growth regulator(s)
PPFD Photosynthetic photon flux density
PRO Protein
Rd Daily dark respiration
S1, S2, S3 Stratum 1, Stratum 2, Stratum 3
SUC Sucrose
TPU Maximum rate of triose phosphate use
TS Total sugar content
Vcmax Maximum carboxylation rate of RuBisCO
VPDleaf–air Leaf-to-air vapor pressure deficit
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