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Abstract: Two Amazonian species of acai palm trees (Euterpe oleracea and Euterpe precatoria) are
exploited in the commercial production of agai pulp or juice. While E. oleracea benefits from developed
cultivation technologies, E. precatoria lacks such advancements. Studies on the morphology and
development of acai palms under cultivation conditions can contribute to increasing the productivity
of the species. The aim of this study was to carry out morphological characterization, assess growth
and development in the juvenile phase of the plants, and obtain allometric models for E. precatoria
and E. oleracea. Evaluations were conducted between 44 and 48 months post-planting. Allometric
equations were formulated to accurately estimate leaf area. The results showed that E. oleracea begins
reproduction earlier and exhibits greater growth in stem dimensions and leaf areas compared to
E. precatoria, indicating that E. precatoria can be cultivated at higher planting densities. Allometric
models, based on leaf length and width, effectively predicted individual leaf areas for both species,
demonstrating their utility in optimizing cultivation strategies.

Keywords: E. oleracea; E. precatoria; agai cultivation; leaf morphology; allometric equations; Amazonian
crops

1. Introduction

The acai palms Euterpe oleracea and Euterpe precatoria belong to the family Arecaceae
and are native to the Amazon region, where they are exploited for the commercial pro-
duction of fruit pulp. Acai smoothies are an important food for indigenous peoples and
riverside populations of the Amazon. In recent decades, they have reached national and
international markets. Extractive production has failed to meet the growing market de-
mand, which highly rewards the product, and the areas of cultivated agai palm have been
continuously expanding, predominantly with the species E. oleracea. In 2022, the value of
acai production in Brazil (BRL 6.17 billion) was the third highest among fruits produced
in the country, surpassed only by oranges (BRL 14.4 billion) and bananas (BRL 11.9 bil-
lion) [1]. Brazilian agai production, including both cultivation and wild harvesting, reached
1.9 million tons of fruit, with the state of Para contributing 90.5% of this production and
Amazonas contributing 7.5% [1].

In Brazil, the species E. oleracea, known locally as “acai-de-touceira” or “agai-do-Para”,
is naturally distributed in the states of Amapa, Goias, Pard, Tocantins, and Maranhao. In
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contrast, E. precatoria, known as “acai-solteiro” or “agai-do-Amazonas”, is found in the states
of Acre, Amazonas, Para, Rondénia, and Roraima [2]. Regarding production and natural
geographic distribution, it is noteworthy that in Para, production predominantly comes
from E. oleracea, while in Amazonas, it mainly comes from E. precatoria. However, cultivars
of E. oleracea are expanding in cultivation areas within Amazonas [3]. The adaptation of
E. oleracea and E. precatoria to their respective geographical regions has led these species
to develop distinct morphological characteristics, as well as differing harvest periods and
pulp composition [4-7].

E. precatoria has a solitary, erect stem measuring between 3 and 20 m in height and
4 to 25 cm in diameter, with a root cone at its base. The palm features pinnate leaves
ranging from 10 to 20, with a closed sheath 0.7 to 1.6 m long, which can be green or green
with yellow stripes. Its petiole ranges from 18 to 57 cm in length, and the rachis measures
between 2.1 and 4.0 m. The leaflets are regularly distributed along the rachis in the same
plane ranging from 43 to 91 on each side of the rachis, measuring 62 to 88 cm in length and
1 to 4 cm in width in the midsection of the leaf [8,9].

E. oleracea has a clumping stem structure, with up to 25 stems per clump, which can
be erect or inclined, measuring from 3 to 20 m in height and 7 to 18 cm in diameter, with
a cone of reddish aerial roots at the base. The leaves are also pinnate, ranging from 8 to
14 per stem; the sheath is 0.65 to 1.50 m long and greenish in color. The petiole measures
17 to 50 cm in length, and the rachis is 1.5 to 3.7 m long. Like E. precatoria, the leaflets are
long acuminate and distributed along the rachis in the same plane, with 40 to 80 leaflets on
each side of the rachis, measuring 60 to 111 cm in length and 2.0 to 4.5 cm in width in the
midsection of the leaf [2,8,9].

Despite the significant economic and social importance of agai palm cultivation, there
have been limited investments in the development of cultivation technologies. Both E. oler-
acea and E. precatoria are still in the process of domestication [10,11]. For E. oleracea, several
important technologies have been developed, notably two cultivars (BRS Para and BRS
Pai d’égua) and a production system, which have yielded significant economic and social
benefits [12,13]. There are significant knowledge gaps regarding the morphological and
developmental differences between E. oleracea and E. precatoria under controlled cultivation
conditions. Specifically, while E. oleracea already has developed cultivation technologies
and is widely studied, with cultivars and production systems, E. precatoria lacks such
advancements. There are no recommended cultivars or production systems for E. precatoria,
and knowledge about the behavior of this species under local cultivation conditions is quite
limited based on the empirical experiences of farmers. This highlights the need for more
research to explore the growth, productivity, and morphological responses of E. precatoria
under agricultural management, with the aim of optimizing production and reducing the
non-productive phase of this species, promoting its economic viability [14].

Most studies describing the morphological aspects of agai palms are based on research
conducted on plants from natural populations in uncontrolled environmental conditions,
which are heavily influenced by environmental factors [2,8,9]. Understanding morpholog-
ical characteristics, such as leaf area, stem structure, and growth patterns, is essential to
optimize cultivation techniques. These characteristics influence decisions such as plant
spacing, irrigation management, and harvesting strategies. For example, plants with
larger leaf areas like E. oleracea may require wider spacing and more water, while their
faster growth and earlier onset of the productive phase favor quicker harvesting. Thus,
this information is fundamental for improving productivity and efficiency in managing
acai plantations.

Within the same species, leaf morphology can vary depending on the plant’s devel-
opmental stage and environmental conditions, with leaves adapting to maximize energy
absorption and minimize the negative effects of stress [15]. Consequently, leaves serve as
excellent indicators of the impact of environmental variations on plant development, such
as spacing, fertilization, and irrigation. Allometric models that estimate leaf area quickly,
practically, and non-destructively will enable the use of the leaf area as a parameter in stud-
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ies examining the effects of cultivation conditions on the development and production of
acai palms. The research primarily aimed to assess the morphological traits and allometric
relationships during the juvenile stage of two acai palm species, E. oleracea and E. precatoria,
cultivated in the Central Amazon region of Brazil. By focusing on these aspects, the study
likely sought to understand the growth patterns, size relationships, and developmental
stages of these species under specific cultivation conditions. This kind of research is crucial
for optimizing cultivation practices, improving yield, and understanding the ecological
adaptation of these palms in the Amazonian environment.

2. Materials and Methods
2.1. Study Site and Climate Conditions

The study was conducted on a plantation established in July 2019 at the Experimental
Field of Embrapa Western Amazon (2°53/38” S and 59°59'24"” W), located at kilometer 29 of
AM 010, in the city of Manaus, Amazonas State. The region’s climate is tropical humid
(Af type) according to the Kdppen classification, with an average annual temperature of
33.9 °C, relative humidity ranging from 76% to 89%, an annual total sunshine average of
1940 h, and average annual rainfall of approximately 2500 mm. The soil is classified as very
clayey dystrophic Yellow Latosol [16,17].

2.2. Soil Preparation and Planting Procedures

For preparing the area for planting, soil samples were collected and analyzed to assess
fertility and acidity levels, guiding the need for pH correction and fertilization based on
crop requirements. Two months before planting, the area underwent subsoiling, plowing,
and harrowing. To correct soil pH, 2 tons of dolomitic limestone per hectare (Relative
Total Neutralizing Power—RTNP 70%) were applied before plowing. One week before
planting, holes measuring 40 cm x 40 cm x 40 cm were prepared, with a spacing of 5 m
between rows and 4 m between plants in the row. The soil in the planting holes was
enriched with 3 kg of aged laying hen manure, 300 g of single superphosphate, and 50 g
of slow-release micronutrient—FTE (Nutriplant, Sao Paulo, Brazil). At planting time, the
seedlings were approximately 12 months old. The plantation consisted of 14 rows, with
the number of plants per row ranging from 14 to 48, covering a total area of 1.2 hectares.
Seven rows were planted with the species E. oleracea and seven with E. precatoria. In total,
the plantation included 262 E. oleracea plants, of which 242 were the BRS Para cultivar,
and 20 were “Chumbinho”, both obtained from seeds purchased from AmazonFlora
(https:/ /www.amazonflora.com.br/, accessed on 10 September 2024), and 349 E. precatoria
plants from seeds collected from 12 different open-pollinated bunches in plantations in
the municipalities of Codajas, Anori, and Manaquiri, Amazonas State. Weed control was
carried out using herbicides around the plant crowns and mechanical mowing to reduce
vegetation between the rows.

2.3. Nutrient Management and Pruning Practices

The same topdressing fertilization was applied to the entire plantation, regardless of
species, based on recommendations for E. oleracea [18] and visual observations of nutritional
deficiencies, as no specific recommendations exist for E. precatoria. From planting until the
end of the evaluation period (48 months after planting), eight topdressings were performed.
Six months after planting, 200 g of NPK 16-10-20 was applied per plant. Twelve months
after planting, each plant received 5 kg of aged laying hen manure and 200 g of NPK
16-10-20. The use of aged laying hen manure is due to local availability, the cultivation
methods used by regional farmers, and because it is a rich source of essential nutrients,
such as nitrogen, phosphorus, and potassium, which improve soil fertility, promote root
development, and increase water retention capacity, contributing to plant development.
Eighteen months after planting, 200 g of NPK 16-10-20, 30 g of FTE, and 50 g of borax were
applied per plant. At 24 months, 200 g of NPK 16-10-20, 30 g of FTE, and 30 g of borax
were applied. Thirty months after planting, each plant received 200 g of NPK 16-10-20, 5 kg
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of aged laying hen manure, and 30 g of borax. At 36 months, 400 g of NPK 16-10-20,70 g
of FTE, 80 g of magnesium sulfate, and 45 g of borax were applied per plant. Forty-two
months after planting, 500 g of NPK 16-10-20, 60 g of FTE, 50 g of magnesium sulfate, and
40 g of borax were applied. Finally, 48 months after planting, 400 g of NPK 16-10-20, 50 g of
FTE, 60 g of magnesium sulfate, and 40 g of borax were applied per plant.

For E. oleracea plants, starting 12 months after planting and every six months thereafter,
sucker pruning was performed, leaving the main stem and three offshoots intact.

2.4. Phenotypic Assessments
2.4.1. Nutritional Deficiencies and the Reproductive Stage of Plants

Evaluations were conducted on 227 E. precatoria plants and 179 E. oleracea plants,
including 161 of the BRS Para plants and 18 of the Chumbinho plants. The cultivars
BRS Pard and Chumbinho were used to represent the species E. oleracea as they were
the only ones available with commercial seed production at the time of the experiment’s
establishment. These cultivars were primarily selected to increase productivity and early
reproductive maturity, characteristics that make them more suitable for intensive cultivation
systems. The assessment of nutritional deficiencies was conducted 48 months after planting.
Visual symptoms were directly observed on the plants and classified into (a) potassium
deficiency and (b) the combined deficiency of potassium and boron. The methodology
for identifying these deficiencies involved observing typical symptoms on leaves, such
as marginal chlorosis for potassium and growth deformations in young leaves for boron.
Additionally, the incidence of plants in the reproductive stage was recorded, counting those
that displayed inflorescences or fruit bunches, regardless of whether abortion occurred
before or after the assessment. The cultivars BRS Para and Chumbinho were used to
represent the species E. oleracea as they were the only ones available with commercial
seed production at the time of the experiment’s establishment. These cultivars were
primarily selected to increase productivity and early reproductive maturity, characteristics
that make them more suitable for intensive cultivation systems. The assessments were
expressed as a percentage of occurrence within the plantation: (a) plants with potassium
nutritional deficiencies, (b) plants with nutritional deficiencies in both potassium and
boron, and (c) plants in the reproductive stage. The latter category counted the number of
plants displaying an inflorescence or fruit bunch at any developmental stage, regardless of
whether there was an abortion of the reproductive organ before or after the evaluation.

2.4.2. Stipe Growth and Number of Leaves on Plants

To assess the growth of the stem and the number of leaves of the plants, 44 randomly
selected E. oleracea plants, 27 from the BRS Para cultivar and 17 from the ‘Chumbinho’
cultivar, and 121 E. precatoria plants were examined from the planting area. Plants from
the outer rows and the ends of all rows were excluded, as were those exhibiting visual
symptoms of nutritional deficiencies, pest attacks, diseases, or any abnormal developmen-
tal characteristics.

Evaluations were conducted 44 months after planting and recorded: (a) stem height
(m), measured from the base to the bifurcation between the first expanded leaf and the
spear leaf with a graduated ruler; (b) stem diameter (cm), measured at the base with a tape
measure; (c) internode distance (cm), represented by the average distance between the first
five internodes below 1.50 m of the stem height, measured with a graduated ruler; and
(d) number of leaves per plant, determined by counting expanded and green leaves, for
E. oleracea, including the main stem and up to three offshoots when present.

2.4.3. Leaf Morphology

The experiment followed a completely randomized experimental design with three
treatments (BRS Para and Chumbinho cultivars of E. oleracea and open-pollinated progeny
plants of E. precatoria) and three replicates, each represented by three randomly selected
plants per treatment from the plantation. Leaf morphology was measured using a de-
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structive method on the third leaf, identified as such by counting from the most recently
expanded leaf as the first. In the case of E. oleracea, the third leaf from the main stem was
used. The following characteristics were measured: (a) petiole length (cm), the distance
from the petiole junction with the stem to the base of the first leaflet insertion; (b) rachis
length (cm), the distance from the insertion of the first leaflet to the base of the last pair
of leaflets; (c) rachis width (cm), measured adjacent to the insertion of the first leaflet;
(d) rachis height (cm), measured adjacent to the insertion of the first leaflet; (e) number of
leaflets, counted on both sides of the rachis; (f) leaflet length (cm), the distance from the
base to the apex of the leaflet, taken from measuring three pairs from the central part of
the leaf; (g) leaflet width (mm), measured at the widest part of the leaflet; (h) leaf width
(cm), the distance between the apices of the leaflets on opposite sides at the central part of
the rachis; (i) distance between leaflets (cm), obtained by dividing the rachis length by the
number of pairs of leaflets.

2.4.4. Leaf Area Measurement

The leaf area measurement was conducted through a destructive analysis using three
E. oleracea plants (BRS Para cultivar) and three E. precatoria plants, harvesting all green and
active leaves from each plant. Plants were randomly selected, excluding those from the
outer rows and row ends, as well as those with visible symptoms of nutritional deficiencies,
phytosanitary issues, or abnormal development. Leaves were collected by cutting the
petiole close to its insertion on the stem. In total, 34 leaves from E. oleracea and 33 from
E. precatoria were evaluated. Individual leaf area was determined by measuring the area
of each leaflet using a CI-203 Portable Laser Area Meter® (Solfranc Technology, Vila-seca,
Tarragona, Spain). The area meter allows for precise and non-destructive measurements of
leaf area, which is essential for assessing the photosynthetic capacity of plants. In the study,
this tool was used to create allometric models based on simple leaf dimensions, such as
leaflet length and width, facilitating rapid and accurate assessment of plant growth.

For leaf area measurement, the CI-203 Portable Laser Area Meter® was used and
properly calibrated according to the manufacturer’s instructions before each use, to ensure
data accuracy. Leaves were harvested destructively, and all leaflets were measured individ-
ually. The CI-203 was calibrated at regular intervals to maintain accuracy, and the leaves
were carefully handled to avoid any alteration in shape during measurement. To ensure
consistency and avoid bias, measurements were carried out by the same trained technician,
and any anomalous values or those outside the expected standards were investigated and,
if necessary, excluded from the final analysis.

The measurement of leaf morphology followed a completely randomized experimen-
tal design with three treatments (BRS Para and Chumbinho cultivars of E. oleracea and
E. precatoria plants) and three repetitions, with three plants per treatment. Leaf 3 from
each plant was used, considering leaf 1 as the most recently expanded leaf of the plant.
In addition to individual leaf area, the following measurements were taken for all leaves:
(a) petiole length (cm); (b) petiole height (cm); (c) petiole width (cm); (d) rachis length (cm);
(e) leaf width (cm); (f) number of leaflets; (g) leaflet length (cm); (h) leaflet width (cm); and
(i) distance between leaflets (cm).

A random selection of 44 E. oleracea plants (27 from the BRS Para cultivar and 17 from
the Chumbinho cultivar) and 121 E. precatoria plants were chosen to assess stem growth and
leaf number. Plants from the outer rows and edges were excluded, as were those showing
visible symptoms of nutritional deficiencies, pest attacks, or abnormal characteristics. The
measured parameters were for stem: (a) stem height (m), measured from the base to the
bifurcation between the first expanded leaf and the young leaf, using a graduated ruler;
(b) internode distance (cm), calculated from the average of five internodes below 1.50 m in
height; and (c) stem diameter (cm), measured at the base with a tape measure; (d) number of
leaves per plant, including the main stem and up to three lateral shoots; the measurements
for rachis width (cm); and rachis height (cm) were taken using a graduated ruler, with
the width measured adjacent to the insertion of the first leaflet and the height measured
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in the same region. The presence of a yellow stripe on the rachis was visually assessed,
noting whether this distinctive trait was present or absent. The shape of the rachis was
determined by visual inspection and described based on its geometric characteristics, such
as trapezoidal or triangular.

Leaf area was measured using the CI-203 Portable Laser Area Meter®, which provided
accurate values by scanning individual leaves. The total plant leaf area (m?) was calculated
by summing the leaf area of all green, active leaves on each plant.

2.4.5. Statistical Analyses

The effect of treatments was evaluated using the non-parametric Kruskal-Wallis test
and, when significant (p < 0.05), the means were compared using the Mann-Whitney multi-
ple comparisons non-parametric test (adjusted p-value < 0.017) [19]. Pearson’s correlation
coefficient (p < 0.05) between variables was calculated separately for each species. Analyses
were performed using IBM SPSS software, version 20.0 [20].

Statistical analyses were conducted using IBM SPSS software, and data normality
was verified graphically, as well as the homoscedasticity of standardized residuals in the
allometric models developed to estimate leaf area. Outlier values were identified when
standardized residuals exceeded 42 and were then excluded from subsequent analyses.

2.4.6. Allometric Models for Estimating Leaf Area

In developing allometric models to estimate the individual leaf area of acai palms,
variables such as the average length (Cf) and width (Lf) of the three central pairs of leaflets,
the length of the leaf rachis (Cr), and the total number of leaflets per leaf (Nf) were measured
in 34 leaves of E. oleracea (BRS Para cultivar) and 33 leaves of E. precatoria.

In constructing the linear regression model, initially, all four explanatory variables
were included to determine their contribution to explaining the total variation in estimated
leaf area (ELA). Subsequently, the explanatory variables were sequentially removed in order
of their contribution, from the least to the most, resulting in four linear regression models
for each species by the end of the process. The significance of the regression coefficients
in these four models was assessed using the t-test (p < 0.05), with models having non-
significant coefficients excluded from selection. The most accurate models were selected
based on those that exhibited the lowest standard error of the estimates (S), the lowest
coefficient of variation of the equation (S/average mean), and the highest determination
coefficient (R?).

To validate the accuracy of the models, the estimated leaf area values (ELA) were
compared with the observed leaf area values (OLA) obtained from measurements. The
standardized residuals (RESZ) for each leaf were calculated from the differences between
ELA and OLA, with absolute values greater than 2 considered outliers. Accurate models
should produce estimates with an outlier frequency below 5% [19]. To assess the effect
of outliers on the model, a new model was generated from the original data, excluding
samples that produced outlier estimates. New estimates of leaf area for all samples were
obtained from this new model, yielding the adjusted estimated leaf area (AELA). The
standardized residuals (RESZA]) were calculated from the differences between AELA
and OLA. The model used to obtain the AELA is considered accurate when the absolute
RESZA]J values are less than 1 [19].

The normality and homoscedasticity of the selected allometric models for estimating
the leaf area of E. precatoria and E. oleracea were verified by graphical dispersion between
standardized residuals and the adjusted estimated leaf area values. The linearity between
leaf area estimates and the model’s explanatory variables, the width and length of central
leaflets, was assessed through graphical dispersion between standardized residuals and
the adjusted leaf area obtained by partial regression for each explanatory variable [19].
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3. Results and Discussion
3.1. Impact of Nutritional Deficiencies on Plant Reproductive Development

The nutritional deficiencies observed in E. precatoria, particularly increased sensitivity
to boron and potassium shortages, have significant implications for its reproductive per-
formance and slow growth compared to E. oleracea. In the study, E. precatoria exhibited a
13.9% incidence of plants with boron deficiency and 2.4% with potassium deficiency, while
E. oleracea showed no visual symptoms of these deficiencies. Considering that both species
were grown in the same environment and received identical management, these results
suggest that E. precatoria is more sensitive to deficiencies in boron and potassium. In the
topdressing fertilizations, fertilizers containing sources of potassium and boron were used,
and remission of boron deficiency symptoms was observed in 17.6% of the E. precatoria
plants that exhibited symptoms. Boron deficiency affects the formation of young cells and
tissues, directly impacting leaf growth and the formation of reproductive organs, while
potassium deficiency interferes with water regulation and photosynthesis, impacting the
overall health of the plant and its long-term productive capacity. The low productivity and
delayed onset of the reproductive phase, due to these deficiencies, may result in slower
economic returns for farmers who choose to cultivate E. precatoria.

For E. oleracea, studies on mineral nutrition have contributed to improved productive
and economic performance in commercial plantations of the species [21-28]. However, for
E. precatoria, research is scarce and limited to the nursery seedling production phase [29-32].
Given these findings, considering the effects of nutritional deficiencies on the plants, the
lack of nutritional management recommendations can be considered one of the main
constraints to the expansion of commercial plantations of E. precatoria. Field experiments
with various sources and doses of macro and micronutrients are necessary to establish the
needs and fertilization recommendations that offer the best cost-benefit for the cultivation
of E. precatoria.

At 48 months post-planting, 44.1% of the E. oleracea cv. BRS Para and 77.8% of the
“Chumbinho” plants exhibited reproductive structures at some stage of development,
compared to only 0.9% of the E. precatoria plants. These results demonstrate that under
the same cultivation conditions, E. precatoria is later maturing than E. oleracea. There
are currently no published studies providing precise information on the onset of the
productive phase of E. precatoria under cultivation conditions; therefore, further assessments
are necessary to acquire such data. The earlier production in cultivation conditions is
a favorable characteristic of E. oleracea compared to E. precatoria. Research on genetic
variability and selection for early productivity in E. precatoria, as well as on more suitable
management practices under cultivation conditions, could help reduce the non-productive
phase, thereby increasing the economic viability of cultivating the species.

To mitigate these impacts and enhance long-term productivity, specific interventions
may be necessary. One strategy could be the development of fertilization programs tailored
to the specific needs of E. precatoria, including the application of fertilizers with higher
concentrations of boron and potassium at critical growth stages. Additionally, the use
of soil amendments and management techniques that enhance the availability of these
nutrients over time, such as the use of slow-release fertilizers or organic compounds rich in
micronutrients, can help reduce this species’ sensitivity to nutritional deficiencies. Field
trials to test different doses and sources of fertilizers would also be useful to adjust fertiliza-
tion recommendations and maximize the economic return of this species by optimizing its
management similarly to what has been achieved with E. oleracea. The results of the study
clearly indicate that the two species have distinct nutritional requirements, with E. precato-
ria showing greater sensitivity to boron and potassium deficiencies. This sensitivity may
be linked to its lower reproductive performance and slower development compared to
E. oleracea. Thus, the need for specific studies on nutritional management for E. precatoria
is evident. Further research is essential to develop fertilization strategies that better meet
the nutritional demands of this species, thereby increasing its productivity and long-term
economic viability. The proposal for tailored fertilization programs and the need for field
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trials to test different nutrient combinations and dosages align with the knowledge gaps
identified in the study.

3.2. Plants” Morphology and Development

For most evaluated characteristics, the effect of treatments was significant (Table 1).
According to the classification proposed by Pimentel-Gomes [33], among the nine mor-
phological characteristics evaluated on leaves, the coefficient of variation (CV) was low
for rachis length (CV = 9%), high for petiole height (CV = 22%), and very high for petiole
length (CV = 47%). For the remaining six characteristics, the CVs were moderate (ranging
from 10% to 20%). Therefore, the results indicated greater variability in the data for petiole
height and length. When analyzing the CVs for petiole length for each species, the values
were classified as very high for both E. precatoria (54%) and the E. oleracea cultivars BRS
Para (50%) and “Chumbinho” (35%). However, for petiole height, the CV was classified as
moderate for E. precatoria (17%) and low for the E. oleracea cultivars (9%), indicating that
variability was greater in E. precatoria.

Table 1. Summary of the analysis of variance for biometric leaf characteristics of agai palm species
E. precatoria and E. oleracea, cultivars BRS Pard and “Chumbinho”.

Character Evaluated F Coefficient of Variation (%)
Petiole Length (cm) 0.74 47
Petiole Height (cm) 31.16 ** 22
Petiole Width (cm) 13.55 ** 11
Rachis Length (cm) 1.39 9
Leaf Width (cm) 0.05 13
Number of Leaflets 5.73 ** 11
Leaflet Length (cm) 1.86 10
Leaflet Width (cm) 51.72 ** 17
Distance Between Leaflets (cm) 8.18 ** 12

** Significant using the Kruskal-Wallis test, p < 0.01.

At 44 months post-planting, the averages for growth in height and stem diameter, as
well as internode distance and leaf number in E. oleracea cultivars, did not differ among
themselves and were superior to those observed in E. precatoria (Table 1). Plant height
showed a high and positive correlation with average internode distance (r = 0.73, p < 0.01),
stem diameter (r = 0.79, p < 0.01), and leaf number (r = 0.71, p < 0.01) in E. precatoria, and a
moderate and positive correlation with average internode distance (r = 0.46, p < 0.05) and
leaf number (r = 0.46, p < 0.01) in E. oleracea cultivar BRS Para. No significant correlations
were found between the variables in the Chumbinho cultivar. In a study with E. precatoria
under natural conditions, Avalos and Otarola [34] also observed a significant relationship
between growth and plant diameter. The authors reported that the height of the stem in
smaller palms (<1 m) increases slowly in relation to the stem diameter; however, in palms
taller than 1 m, there is a linear increase in both variables, with height growing 1.5 times
faster than diameter. Unlike what was observed in E. precatoria, in E. oleracea the correlation
value between height and stem diameter was negligible (r = 0.29, p > 0.05), indicating no
correlation. This result may be due to the morphological differences between the species,
notably that in E. oleracea, measurements were only taken on the main stem, and the species
has a clumping habit with up to three offshoots maintained per plant, whereas E. precatoria
has a solitary stem [34,35].

In natural populations, Henderson [9] reports heights for both agai palm species
ranging from 3 to 20 m, with the stem diameter of E. precatoria being larger than that of
E. oleracea. Thus, Henderson’s [9] description of the species in natural conditions contrasts
with the results obtained for the species under the same cultivation conditions up to
44 months after planting, where the growth of E. oleracea was superior to that of E. precatoria.

The species predominantly originate from distinct natural environments, especially
in terms of shading and moisture, which could explain the different responses in mono-
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culture conditions. E. oleracea is more commonly found in floodable areas with high light
intensity [9], while E. precatoria originates from shaded environments like the understory of
“terra firme” forests [36], thus being more adapted to lower light intensities.

3.3. Morphology and Leaf Area

The E. oleracea cultivars did not differ from each other in any of the evaluated leaf
characteristics, and except for the number of leaflets, all other characteristics exhibited
averages that were superior to those observed in E. precatoria (Table 2). The total number
of leaflets per leaf found for E. precatoria (total 130.2 or 65.1 on each side of the leaf) and
E. oleracea (total 115.4 or 57.7 on each side for BRS Para and total 116.8 or 58.4 leaflets on
each side of the rachis for Chumbinho) fell within the range cited in the literature: 48 to
91 leaflets per side of the rachis in E. precatoria and 40 to 80 leaflets per side of the rachis in
E. oleracea [2,8,9]. It is notable that in this study, the use of the third leaf was standardized
for the characterization of leaf morphology. The results obtained corroborate literature
descriptions indicating that the average number of leaflets in leaves of E. precatoria may be
higher than in E. oleracea.

Table 2. Means and standard deviation for stem, leaf, leaf area, and plant leaf area variables, and
qualitative characteristics of the leaf rachis for acai palm species E. oleracea and E. precatoria.

. E. oleracea E. oleracea .
Variables * cv. BRS Para cv. Chumbinho E. precatoria
Stem
N 27 17 121
Stipe height 576 £93 a 599 £ 86 a 357 £101b
Internode distance 63+8a 86+t3a 44 +£13Db
Stem diameter 23+3a 24+2a 19+5b
Number of leaves 2%+ 10a 26 £12a 10£2b
Leaf
N 3 3 3
Petiole length (cm) 137+ 6.8a 173 +6.1a 171+£92a
Rachis length (cm) 251.7 £202a 268.3 +23.0a 255.1 +26.7 a
Leaf width (cm) 1679 £ 26.5a 171.0 £ 215a 1695+ 17.7 a
Number of leaflets (count) 1154 £ 15.8b 1168+ 7.1b 1302 +£99a
Rachis width (cm) 35+02a 36+t03a 30+03b
Rachis height (cm) 21+02a 21+03a 14+01b
Leaflet length (cm) 935+69a 934+83a 870x114a
Leaflet width (cm) 41+02a 39+03a 294+ 03b
Distance between leaflets (cm) 44+05a 46+04a 39+04Db
Yellow stripe on the rachis Absent Absent Present
Rachis shape Trapezoidal Trapezoidal Triangular
Leaf Area
N 3 3
Plant leaf area (m?) 2521 +923a - 16.72 £ 2.76 b
N 34 32
Leaf area (m?) 582+ 147 a - 418+ 1.19b

* Means with different lowercase letters in the row differ statistically by the Mann—-Whitney test, p < 0.05.

For leaflet width, the values found for E. precatoria (2.9 & 0.3) and E. oleracea (4.1 £ 0.2
for BRS Para and 3.9 % 0.3 for Chumbinho) exceeded the ranges reported in the scientific
literature by Henderson [9], who noted 1 to 2 cm for E. precatoria and 2.0 to 2.5 cm for
E. oleracea. Since Henderson's observations are derived from plants in natural populations
of varying ages and environmental conditions, these factors may explain the discrepancies
with the higher measurements obtained in this study conducted under controlled cultiva-
tion conditions. However, in comparing the species, the literature also indicates that leaflet
width in E. precatoria surpasses that in E. oleracea.
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The measurements for rachis height and width in E. precatoria were lower than those
observed in E. oleracea, and there were no references to these characteristics in the scientific
literature for either species under cultivation conditions. In studies on peach palm (Bactris
guasipaes), Clement [37] and Ramos [38] utilized rachis dimensions to estimate leaf biomass,
suggesting that these traits might similarly be useful for studies on agai palms.

In the species E. precatoria, a yellow stripe on the abaxial face of the leaf rachis was ob-
served, which is not present in E. oleracea (Figure 1B). In the transverse section of the rachis,
E. oleracea exhibited an approximately trapezoidal shape, distinct from E. precatoria, which
displayed an approximately triangular shape (Figure 1A,C). Therefore, these characteristics
can be included among the morphological features that can be used to distinguish between
the species.

Figure 1. Adaxial (A) and abaxial (B) views of the leaflets of E. oleracea (EO) cv BRS Para on the left
and E. precatoria (EP) on the right. Cross-section of the leaf rachis (C). Scale bar: 5 cm. q = Ridge on the
abaxial phase of the rachis. Li = Yellow stripe on the abaxial phase of the rachis in EP. df = distance
between leaflets. P = cross-section of the leaf rachis.

Regarding tillering, as documented in the scientific literature, E. precatoria did not
exhibit any offshoots [2,9]. In E. oleracea, 91% of the plants of the BRS Para cultivar and
78% of the Chumbinho cultivar displayed offshoots at 44 months after planting. Tillering is
a favorable trait for the establishment and survival of the species as if one stem’s meris-
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tematic region is compromised by physical damage, pest attacks, or diseases, the plant
can survive through other healthy offshoots or by producing new offshoots. In contrast,
in E. precatoria, which is monocaulous, once the meristematic region is compromised, the
plant will die. Tillering also allows for the management of plant height, as it is possible
to remove taller offshoots, which will be compensated by the emergence of new, lower
offshoots. Additionally, tillering enables the dual-purpose use of the plant, allowing for
the harvest of some offshoots for palm heart extraction while maintaining others for fruit
production [11].

The averages for individual leaf area (ILA) and total plant leaf area (TLA) in E. oleracea,
BRS Pard cultivar (ILA = 5.82 + 1.47 m? and TLA = 25.21 & 9.23 m?), were statistically
superior to those observed in E. precatoria (ILA = 4.18 4= 1.19 m? and TLA = 16.72 4 2.76 m?).
In this study, both species were cultivated at the same spacing (5 m x 4 m); however, since
E. precatoria exhibits lower individual and total plant leaf area compared to E. oleracea, it is
assumed that it could be cultivated at a higher density. Nonetheless, experiments assessing
the impact of planting density on growth in height and productivity of the species are
necessary to determine the optimal planting densities.

The morphological differences between E. oleracea and E. precatoria translate into prac-
tical benefits for agriculture. The superior stem and leaf growth of E. oleracea demonstrates
its greater suitability for intensive cultivation, where its rapid development and larger leaf
area result in higher photosynthetic capacity and productivity in less time, making it ideal
for environments where space optimization and maximizing quick economic returns are
priorities. In contrast, E. precatoria shows slower growth, smaller leaf area, and greater
sensitivity to nutritional deficiencies, such as those of boron and potassium, which can pose
challenges in intensive cultivation scenarios. However, E. precatoria may be more suitable
for low-density environments or agroforestry systems, where less intensive management is
feasible, and the pressure for high yields in the short term is lower. These morphological
differences should, therefore, guide species selection according to the environment and
cultivation objectives, with E. oleracea being more suitable for intensive cultivation systems
with efficient management, while E. precatoria may be better utilized in conditions that
favor its slower growth cycle and specific nutritional needs.

3.4. Leaf Allometry

Except for the average leaflet width (Lfm) in the case of E. precatoria, there was a high
linear correlation between individual leaf area (Af) and the other characteristics measured
with a tape measure on the leaves of both acai palm species (Table 3). The linear regression
model, including the explanatory variables leaflet length (Cf) and average width (Lf) of
the central leaflets, provided the most precise estimates of individual leaf area, with high
R? values and low S and CV (%) for both E. oleracea and E. precatoria (Table 4). For both
species, the models incorporating Cf and Lf variables explained 93% (R?) of the variation
in estimated individual leaf area, thus, they are considered accurate. Furthermore, the
standard deviations (S) of the models were low (S = 7% for E. oleracea and S = 6% for
E. precatoria). The variables rachis length and total number of leaflets did not significantly
contribute to enhancing the accuracy of the predictive models for leaf area in acai palms.

During model validation, when analyzing standardized residuals (RESZ) calculated
from the differences between the estimated individual leaf area (ELA) and the observed leaf
area (OLA), only 1 (2.9%) out of 34 in E. oleracea and 1 (3.0%) out of 33 in E. precatoria were
considered outliers (Table S1). According to Field (2013), models that produce fewer than
5% discrepant RESZ demonstrate good precision. The data that generated discrepant RESZ
were removed from the model construction, and adjusted individual leaf area estimates
(AELA) were obtained with the newly generated model. Among the standardized residuals
of the adjusted estimates (RESZAJ) for both species, none were classified as discrepant,
considering all absolute values were below 1 [19]. The exclusion of discrepant RESZ allowed
for assessing the influence of the models in predicting the identified discrepant cases;
however, it had little impact on the precision of the model for the other samples’ estimates.
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Table 3. Pearson correlation coefficients among variables: mean leaf area (Af), average leaflet length
(Cfa), and width (Lfa) measured with a leaf area meter; average leaflet length (Cfm) and width (Lfm)
measured with a tape measure; number of leaflets per leaf (Nf), and rachis length (Cr). Values for
E. oleracea are shown in the lower diagonal and for E. precatoria in the upper diagonal.

Af Cfa Lfa Cfm Lfm Cr Nf
Af - 0.922 ** 0.662 ** 0.956 ** 0.415* 0.848 ** 0.725 **
Cfa 0.934 ** - 0.712 ** 0.940 ** 0.339 0.813 ** 0.618 **
Lfa 0.622 ** 0.538 ** - 0.644 ** 0.550 ** 0.572 ** 0.303
Cfm 0.915 ** 0.962 ** 0.517 ** - 0.293 0.886 ** 0.720 **
Lfm 0.805 ** 0.711 ** 0.533 ** 0.614 ** - 0.025 0.039
Cr 0.911 ** 0.925 ** 0.544 ** 0.912 ** 0.752 ** - 0.717 **
Nf 0.745 ** 0.729 ** 0.380 * 0.699 ** 0.575 ** 0.716 ** -
**, * Significant at 1 and 5% probability, respectively, by the t-test.
Table 4. Allometric equations relating leaf area in acai palm species E. oleracea (AFo) and E. precatoria
(AFp) to the variables average length (Cf) and width (Lf) of the three central leaflet pairs, rachis
length of the leaf (Cr), and total number of leaflets per leaf (Nf).
t-Test for Model Parameters S CV (%) R?
Model
ta th1 th2 th3 thy
AFo =-3.32 + 3.52 Cf + 43.80 Lf — 0.034 Cr + 0.01 Nf 7.8 ** 5.3 ** 5.1** -0.1"m 1.57m8 0.15 7 94
AFo =-2.85+3.71 Cf + 4548 Lf + 0.02 Cr 9.6 ** 5.6 ** 5.2 ** 0.1ms 0.15 7 93
AFo =-2.86 + 3.75 Cf + 45.88 Lf -11.5** 11.5* 6.6 ** 0.15 7 93
AFo =-2.10 + 5.09 Cf —6.2 ** 12.9 ** 0.23 10 84
AFp =-1.77 + 1.90 Cf + 32.61 Lf + 0.17 Cr + 0.004 Nf —4.2 ** 6.7 ** 1.3** -0.1ms 0.79 s 0.08 5 94
AFp =-143 +2.11Cf +30.26 Lf + 0.19 Cr —6.3 ** 5.8 ** 3.7 % 2.0"ms 0.09 6 94
AFp =-1.21 +2.78 Cf + 21.67 Lf 5.8 ** 18.4 ** 3.0 ** 0.09 6 93
AFp =-0.70 + 291 —5.5** 17.9 ** 0.10 7 92

** and ", significant and non-significant by the t-test at 5% probability; S = standard error of the estimate;
CV = coefficient of variation; R? = coefficient of determination of the regression model.

The graphical dispersion obtained with standardized residuals and standardized
adjusted estimates of leaf area demonstrated the normality of residuals and homogeneity
of variances for the models across both species (Figure S1). Positive linearity was observed
between the explanatory variables width and length of the central leaflets and the leaf area
estimates in the selected allometric models for E. precatoria and E. oleracea, as indicated by
the graphical dispersion between standardized residuals and adjusted leaf area obtained
through partial regression for each explanatory variable [39]. Therefore, the length and
width of the central leaflets proved to be explanatory variables that generated models with
high precision for estimating the leaf area of E. precatoria and E. oleracea.

Leaf area is a determining factor that directly influences photosynthetic capacity,
light interception, and the overall vigor of plants, playing a central role in the productive
capacity of agai species. Plants with larger leaf areas, like E. oleracea, have a greater ability
to capture sunlight, converting it into energy through photosynthesis, which results in
greater vegetative and reproductive growth. Conversely, the smaller leaf area observed
in E. precatoria may limit this capacity, reflecting lower vigor and slower growth. In this
context, the allometric models developed to estimate leaf area are valuable practical tools
for agricultural management. These models allow for the rapid and accurate estimation
of leaf area based on simple measurements, such as the length and width of leaflets,
which can be used to optimize planting density, adjust plant spacing to maximize light
interception and minimize competition. Additionally, these models are useful for predicting
plant responses to environmental stresses, such as variations in light, water, or nutrient
availability, allowing for management adjustments, such as changing irrigation regimes
or modifying fertilization to better meet the specific needs of the plants. They can also be
used to assess the impact of different cultivation practices, such as thinning, on the growth
and productivity of plants. The application of allometric models in agricultural practice
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not only improves the efficiency of acai cultivation management but also maximizes the
productive potential of plants, ensuring better adaptation to environmental conditions and
management practices.

4. Conclusions

E. oleracea palm initiates its reproductive phase earlier than E. precatoria. This factor
is crucial as it suggests a quicker entry into production when cultivated in full sun in
Central Amazonia, positively influencing management decisions and species selection for
plantations. This precocity can lead to maximized production in shorter production cycles,
making E. oleracea a preferable choice for producers seeking rapid returns. While the early
maturity of the E. oleracea species is an initial advantage, it should not be the only aspect
considered when choosing a species for planting. Productivity data for fruit yield and
pulp output of E. precatoria still need to be obtained for an economic analysis of the species
considering the lifespan of the plantations. Moreover, the species have distinct harvest
periods, which is important for market price stability, considering that price variation is
very high due to product scarcity, especially during the off-season of E. oleracea.

Among future research efforts to promote the sustainable development of the E. preca-
toria production chain, the development of cultivars with homogeneity in growth, early
maturity, and high fruit and pulp productivity is highlighted. The superiority of E. oleracea
in terms of rapid growth and early onset of the reproductive phase underscores its potential
to boost economic growth in the Amazon, making it ideal for intensive, high-productivity
cultivations. Its ability to enter production earlier offers quick financial returns, which can
attract investments for the expansion of acgai cultivation, which is essential for the local
economy. With the use of appropriate management techniques and allometric models,
producers can optimize inputs and space, increasing the efficiency and sustainability of
the plantations.

The differences in nutritional requirements between E. oleracea and E. precatoria rein-
force the need for specific management practices for each species, with E. oleracea being
more suitable for intensive systems and E. precatoria for agroforestry systems in more
sensitive ecosystems. This understanding can diversify agricultural practices and pro-
mote environmental preservation. The economic impact can be significant, given the
international interest in the acai market, generating more jobs and income in rural commu-
nities, promoting sustainable development, and enhancing the global competitiveness of
the region.

To improve the productivity of E. precatoria, it is recommended to increase planting
density due to its slower growth and smaller leaf area, optimizing the use of space. Addi-
tionally, specific nutritional protocols focusing on nutrients such as boron and potassium
can mitigate deficiencies and stimulate growth. Controlled-release fertilizers and adjusted
irrigation practices can accelerate its development, making its cultivation more competitive
and productive.

The analysis of leaf area reveals that E. precatoria has a lower individual and total leaf
area compared to E. oleracea. This finding is significant as it can directly affect photosyn-
thesis and energy conversion efficiency, influencing overall productivity. The allometric
relationships based on the length and width of the central leaflets prove to be effective
methods for estimating leaf area in the two studied species. The precision of these allomet-
ric models facilitates the conduct of rapid and non-destructive leaf area assessments, an
essential parameter for physiological and agronomic studies aimed at enhancing cultiva-
tion practices.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/horticulturae10101119/s1. Table S1. Value of observed leaf
area (AFO), obtained by measuring the area of all leaflets of the leaf; estimated leaf area (AFE),
obtained by the allometric model using length and width of the three pairs of central leaflets of
the leaf; difference between AFO-AFE and standardized residue (RESZ) of each sample; adjusted
estimated leaf area (AFAJ), obtained by allometric model after excluding samples with outliers from
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the analysis; difference between AFE-AFA] and standardized residue (RESZAJ) of each sample and
Cook’s distance (COOK) for the acai palms E. oleracea and E. precatoria; Figure S1. Scatterplots between
the regression estimate and the residual for mean leaf area per leaf of E. oleracea (A) and E. precatoria
(B). Scatterplots between the partial regression estimate and the residual for leaflet length and leaflet
width in E. oleracea (A-1, A-2) and E. precatoria (B-1, B-2).
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