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Abstract

The allocation and distribution of primary resources in planting systems can significantly
influence the physiological and growth performance of Bertholletia excelsa, an Amazo-
nian tree of significant socioeconomic and ecological importance. This study was carried
out for two years to investigate the resource availability and ecophysiological responses
of B. excelsa cultivated in different planting systems in 3 %3 spacing: (1) pure plantation,
(2) mixed plantation using B. excelsa and Inga edulis and (3) an agroforestry system
(AFS); the AFS with intercropping of Theobroma cacao and Musa sp. between B. excelsa
and I. edulis trees, respectively. Planting systems (Pure, Mixed and AFS) were evaluated
based on site resource availability, growth rate, gas exchange, nutrient use efficiency, and
nutritional status of B. excelsa. This study showed greater availability of light in pure
plantations and a better soil quality index in the AFS. The Brazilian nut trees in the AFS
showed higher values of photosynthesis (Py), stomatal conductance (gs), transpiration (E),
foliar content of phosphorus, calcium, and magnesium, and greater efficiency in the use
of nitrogen and potassium. Brazilian nut tree saplings showed greater investment in light
capture, with greater height growth, and no difference in diameter growth rates. From
the present study, it can be concluded that in the initial growth phase relating to the first
installation years of field plantings, the AFS favors the ecophysiological performance and
height growth of B. excelsa saplings in degraded areas of Eastern Brazilian’s Amazon.

Keywords Agroforestry system - Brazil nut tree - Gas exchange - Mixed plantations -
Nutrient use efficiency - Physiological plasticity

Introduction
The Brazilian Amazon has lost approximately 20% of its original forest area, and its degra-

dation has reached 1,104,533 ha (INPE 2023). This area includes the state of Para, where the
so-called “polygon of Brazil nut trees” is located, named after the high abundance of Brazil
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nut trees (Bertholletia excelsa Bonpl.), and the region’s history of the species extractivism
(Homma 2014; Guariguata et al. 2017). Intensive deforestation, together with changes in
occupational dynamics and land use, has fragmented B. excelsa populations. This has led to
individual isolation, and consequently, high mortality rates. The groves underwent signifi-
cant ecological degradation and are now referred to as “Brazil nut cemeteries” (Bentes et al.
1988; Guariguata et al. 2017).

Degraded areas have high irradiance levels, low soil cover, and a low availability of
primary resources (Santos Junior et al. 2006; Jaquetti et al. 2021). There is a need to select
physiologically plastic species with high biomass production, silvicultural adjustments, and
ecosystem services (Jaquetti et al. 2016, 2021; Jaquetti and Gongalves 2017; da Costa et
al. 2022; da Silva Ceretta et al. 2025). However, it is not possible to find a single species
that brings together all the desirable characteristics, and it is necessary to associate a group
of species that meet the needs of degraded sites (Caetano et al. 2014; Santos and Ferreira
2020). Thus, a combination of plant species is a viable alternative to meet such demands, for
example through agroforestry systems (AFSs) and mixed plantations formed by economi-
cally important nitrogen-fixing legumes (de Souza et al. 2023; Reid et al. 2024).

Inga edulis is a legume tree that associates with nitrogen-fixing bacteria and shows rapid
growth, tolerance to acidic and nutrient-poor soils, high leaf biomass production, besides
being used for soil fertility improvement by the deposition of nitrogen-rich litter (Lojka et
al. 2010; Joslin et al. 2024). The species also attracts small animals to forage for fruit, and
its canopy structure is attractive to birds, functioning as a natural perch (Melo et al. 2015;
Rodrigues et al. 2021). Because of these characteristics, . edulis is considered a facilitator
species in the ecological succession processes (Lojka et al. 2010; Melo et al. 2015). There-
fore, they have been used to recover degraded areas and integrate AFSs and mixed planta-
tions (Joslin et al. 2024).

The AFS and mixed plantations are considered alternatives to pure plantations or mono-
cultures, in which a single species is cultivated in the production area (de Souza et al. 2023).
AFSs and mixed plantations restore soil fertility, reduce water and nutrient loss, and con-
tribute to soil organic matter. Other environmental benefits include fruit and seed dispersal,
commercial products, and income promotion (Ferreira and Tonini 2009). These planting
systems are economic alternatives to constitute a legal reserve, as ensured by Brazilian leg-
islation (Homma et al. 2014; Souza et al. 2017; de Souza et al. 2023).

Site edaphoclimatic factors, such as rainfall regime, soil acidity, and low natural fertil-
ity, represent another critical challenge for species establishment and growth. The Amazon
biome predominates in the southeastern region of Para, characterized by intense solar irra-
diation throughout the year, water availability varying from 377 mm/month in the wet-
test period (December to April) to 11 mm/month in the driest period (June to September)
(INMET 2019). Reforestation of degraded areas in this region is strongly affected by water
dynamics and nutrient availability. This results in poor establishment and survival of plants
in the Eastern Brazilian Amazon, as these stressor effects become even more severe in
altered areas. Therefore, it is important to consider how abiotic factors affect the juvenile
phase of trees, which coincides with their growth phase when they are planted in the field.
Perennial trees often undergo a long and complex juvenile phase that can last for several
years (Pan et al. 2023).

Among the Amazon forest species, B. excelsa exhibits biological and economic char-
acteristics that reflect its great potential for integrating planting systems to recover altered
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or degraded areas (Costa et al. 2009; da Costa et al. 2022). This species contributes to eco-
system functioning by sequestering carbon and attracting animals that facilitate pollination
and seed dispersal (Fauset et al. 2015; Santos-Silva et al. 2017; de Souza et al. 2023). The
forestry industry shows strong interest in products like wood and fruits, which are well-
established in international markets (Salomao et al. 2020; de Souza et al. 2023). Further-
more, studies have demonstrated B. excelsa is tolerant of reduced soil water and nutrient
availability. In addition, the physiological plasticity of the species to changes in light avail-
ability promotes growth and carbon assimilation, even under stressful conditions, such as
altered or degraded areas (Souza et al. 2017; Lopes et al. 2019; Melo et al. 2019; Schimpl et
al. 2019; da Costa et al. 2022; de Souza et al. 2023; Oliveira et al., 2024b).

However, the response of B. excelsa under different planting systems, in the same
degraded site conditions, remains unclear. In this study, we sought to understand the growth
performance and ecophysiological responses of B. excelsa in pure plantations, mixed plan-
tations, and AFSs installed in a degraded pasture area in the Amazonian region. Within this
context, a pivotal question emerges: do variations in environmental factors play a determin-
ing role in B. excelsa performance during the initial phase within each planting system?
We investigated the effects of pure and mixed plantations and AFSs on B. excelsa growth
responses and physiological characteristics in the first two years of planting. To achieve
this goal, we formulated the following hypotheses: (1) different planting systems will pro-
mote different growth rates for B. excelsa saplings, and (2) the physiological plasticity of
B. excelsa will minimize the potential negative impacts of variations in primary resources
(light, nutrients, and water) within planting systems.

Materials and methods
Study area

The study area is located within the campus of the Federal University of the South and
Southeast of Para (UNIFESSPA), between the coordinates 5°21°49.5” S and 49°01°11”
W, Maraba, in Pard state, Brazil. The climate is Am, sub-humid tropical (K&ppen 1948),
with an average annual temperature of 28 °C and annual precipitation of approximately
1,400 mm (INMET 2019). The predominant soil is the Red-Yellow Argisol type, with dys-
trophic conditions (Santos et al. 2011). The site is located in a river plain area (Araguaia
depression, Tocantins), with the experimental terrain being predominantly flat, which favors
flooding and groundwater elevation. The area was originally a native B. excelsa grove, and
around the 1970s, the vegetation was removed and replaced by pasture for cattle raising and
agricultural activities and was subsequently abandoned (Fig. 1).

Plant material and planting systems

The planting systems were pure plantations of B. excelsa and mixed plantations with inter-
cropping of B. excelsa and inga (Inga edulis Mart.); and the AFS with intercropping of B.
excelsa, I. edulis, cocoa (Theobroma cacao L.), banana (Musa sp.), and maize (Zea mays
L.) (Fig. 2). B. excelsa, I. edulis, and T. cacao saplings were produced via seminal propaga-
tion in a greenhouse located at the UNIFESSPA Campus III. The saplings of B. excelsa used
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Fig. 1 Experimental area’s satellite images: a from 2002, showing the area devoid of vegetation cover;
and b from 2024, two years after the experiment was implemented

in this study were approximately 7 months old, 35 cm in height, and 0.5 cm in diameter.
Musa sp. saplings were obtained from the Municipal Secretary of Agriculture (SEAGRI) of
Marabd, and Z. mays seeds were obtained from a local market.

In the pure and mixed plantations, the planting spacing was 3 m x 3 m, with a density
of 25 plants per plot. In the AFS, the spacing between B. excelsa and I. edulis was 3 m X
3 m, and Musa sp. was inserted into B. excelsa lines between the plants. The T. cacao were
planted in /. edulis lines one year later. The total AFS density was 45 plants per plot (Fig. 2).
Plant density meets the species’ silvicultural recommendations, with 3 x 3 spacing appro-
priate for timber productions, and 3 %3 during the first few years with posterior thinning
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Fig. 2 Experimental design demonstrating planting systems arrangement: pure plantation, mixed planta-
tion, and agroforestry system (spacing between rows and plants)

to favor canopy opening for the nut production systems. The AFS spacing between trees
respects the indicated density, since Musa spp and T. cacao are not trees. These species
explore the understory levels, as herbaceous and shrub respectively.

Implementation and management of planting systems

Different planting systems with B. excelsa were implemented between January 4 and 15,
2020, corresponding to the beginning of the rainy season at the experimental site. The B.
excelsa, 1. edulis and Musa sp. saplings were planted simultaneously. The saplings were
planted in 40 x40 x40 cm holes, and 200 g of dolomitic limestone (90% PRNT), 100 g of
NPK 04-14-08, and 4 kg of bovine manure were added to each hole. The necessity for lim-
ing and fertilizer application was estimated as proposed by Jaquetti et al. (2022).

In the AFS, the species B. excelsa, I. edulis, and Musa sp. were planted simultaneously.
Approximately 30 days later, Z. mays seeds were planted between the AFS tree lines directly
into the ground using a manual planter. Sowing was carried out in rows at a depth of 5 cm
with a spacing of 70x70 cm. Maize crops were harvested during the first area cleaning
(April 27-29, 2020), and the remaining biomass was used as soil cover and fertilization.
One year later, 7. cacao saplings were inserted into the AFS and planted in the /. edulis lines
at a distance of 1.5 m between plants (Figs. 2 and 3).

The management of different planting systems involved only manual cleaning, which
was carried out monthly using a brush cutter. Irrigation and fertilization practices were not
established throughout the experimental period.

Experimental design and data collect

The study was arranged in a completely randomized block design (RBD). The established
factor is planting system represented by pure plantation, mixed plantation, and AFS. The
blocks were repeated 5 times. Data on resource availability, ecophysiological traits, and
growth were collected from an interior plot of 12 m x 7.5 m (93.75 m?), from a total experi-
mental area of 470 m>. A total of 25, 25, and 45 saplings were planted in the pure, mixed,
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Fig. 3 Planting systems photos during data collection. a Pure plantation of B. excelsa and b Agroforestry
system with B. excelsa, I. edulis, Musa sp. and T. cacao

and AFS treatments, respectively, totaling 475 plants within the whole experiment (Figs. 2
and 3).

Light availability and soil quality index (SQI)

Light availability was monitored using photosynthetically active radiation (PAR). PAR was
measured at 1.5 m using a quantum sensor (LI-190SZ Quantum Sensor; Li-Cor, Inc., Lin-
coln, NE, USA) attached to a portable infrared gas analyzer (IRGA, Li-6400; Li-Cor Inc.,
Lincoln, NE, USA). The PAR was measured in 75 randomly selected points per plot from 7
am to 12 am daily over 7 days. Each day, one planting system was randomly selected and a
different planting system was measured until the three treatments were covered.

Soil moisture and nutrient availability were obtained from soil cores collected from each
plot. Soil cores (5 cm inner diameter) were collected at a depth of 10 cm from three ran-
domly selected locations and combined into one composite sample. This depth was selected
to compare the soil coverage and solar irradiation effects of the different plantations during
the experimental period. The litter layer was removed before soil cores were collected. The
samples were air-dried and sieved using a 2 mm mesh after the manual removal of stones
and roots. The soil chemical attributes included total nitrogen (N), organic matter (OM),
aluminum (Al), calcium (Ca), magnesium (Mg), potassium (K), iron (Fe), zinc (Zn), man-
ganese (Mn) and pH.

Total N was determined using the Kjeldahl method (Miyazawa et al. 1999). Organic mat-
ter content was determined using the Walkley-Black method. Al, Ca, and Mg were extracted
using 1 M KCI (Miyazawa et al. 1999), whereas K, Fe, Zn, and Mn were extracted using a
Mehlich 1 solution. The nutrient contents were determined using atomic absorption spec-
trometry (Perkin-Elmer 1100 B, Uberlingen, Germany). Available P was extracted using a
Mehlich 1 solution, and the P content was determined via spectrophotometry at 725 nm.
The pH of the soil was measured in the supernatant suspension of a 1:2.5, soil: water and
1:2.5 soil:1 M KCl solution (Miyazawa et al. 1999). The soil attribute values are presented
in Table 1.

The soil chemical attributes were used for the SQI calculation according to Abdel-Fattah
et al. (2021). The SQI was calculated using Eq. 1.
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Table 1 Soil nutrients in different

Soil attributes Pure plantation  Mixed Agroforestry
planting systems with Berthol- plantation system
letia excelsa pH 5.09+0.087a  5.05+£0.08a  5.07£0.041a
Cgkg)) 11.64£1.63a  11.70£1.30a 11.60+1.47a
N(gkg D 0.88+£0.09a  0.99+0.05a  0.88+0.06a
M.O.(gkg!) 200242792  20.14+224a 19.95+2.53a
P (mgkg ) 12.874543a  772+133b  15.90+5.59a
K (cmolckg™)  0.10£0.010a  0.11£0.02a  0.11£0.01 a
Ca(cmolckg™!) 0.77£0.19a  0.95+032a 1.02+0.18a
Mg (cmolc kg™!)  0.42+0.07 a 0.39+0.07a  0.52+0.10a
Values are mean=standard Al (cmolc kg™')  0.87+0.09 a 0.81+£0.18 a 0.80+0.06 a
deviation. Mean followed by the  pe (mg kg™!) 794.4+6138a 789.2+562a 764.64+31.95
same letter in the line are not a
Sthli‘:;‘f:SliyiSd;g;ﬁfg’a‘t”&e:;%e Zn (mg kg | ) LI52027a 0770.17a 10450274
probability level Mn(mgkg)  15.09£4.19a  18.00+3.76a 18.11+4.22a
N
SQI =Y WixSi (1)
i=1

where Wi is the relative weight of each indicator with values ranging between 0 and 1, and
Si is the value of each soil indicator. Wi expresses the component score coefficient obtained
from the Principal Component Analysis (PCA) results, and Si represents the soil standard-
ized indicators obtained from Eq. 2.

@

where z, x, X and o refer to the standardized value, the value of a soil indicator, the average
of a soil indicator, and the standard deviation of a soil indicator, respectively.

Plant growth

Experimental period comprised 720 days, and height and diameter measurements were per-
formed at 180-day intervals, for a total of five measurements. The height of the saplings
(considered up to the apical bud) was measured using a measuring tape graduated in cen-
timeters. The diameter was measured at the base of the plant, close to the ground, using a
digital caliper (Mitutoyo, CD-8 CX-B). The height (AGRH) and diameter (AGRD) growth
rates were calculated according to Benincasa (1988).

Leaf gas exchange and nutrient use efficiency

Net photosynthesis per unit area (Py), stomatal conductance (gs), transpiration (£), and dark
respiration (Rd) were measured using a portable infrared gas analyzer (Li-6400; Li-Cor,
Lincoln, NE, USA) with a leaf chamber of 6.0 cm? and light provided by red and blue LEDs
(665 and 470 nm, respectively). Measurements were made between 8:00 am and 12:00
(noon) on healthy, fully expanded, and mature leaves. The airflow through the chamber
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was about 400 umol s~ !, the CO, concentration [CO,] of the flow rate into the chamber
was 410+ 1 pmol mol !, block temperature was 31+ 1 °C, and H,O vapor was about 21+ 1
mmol mol™! (Lopes et al. 2019). Nutrient use efficiency is related to net photosynthesis per
unit of nutrients in the leaves (Reich et al. 2014).

Leaf nutrient content

Two healthy and fully expanded leaves were collected from the B. excelsa saplings. Leaves
samples were oven dried at 65 °C for constant mass evaluation. Total N content was deter-
mined using the Kjeldahl method. Macronutrients (Ca, Mg, P, and K) were extracted with a
3:1 nitric-perchloric solution, and the contents of these nutrients were determined via atomic
absorption spectrometry (Perkin-Elmer 1100 B, Uberlingen, Germany); P was determined
via spectrophotometry at 725 nm (Miyazawa et al. 1999). P limitation was determined using
the N: P ratio (Corréa et al. 2022).

Data analysis

The data were preliminarily verified and confirmed for assumptions of normality and homo-
geneity of variance using the Shapiro—Wilk and F tests, respectively. The effects of the
planting systems on B. excelsa saplings were evaluated using a two-way ANOVA, and the
means were compared using Tukey’s test 5%. Statistical analysis was performed using the
statistical programming language R (R Core Team 2018).

Results

The planting system influenced the availability of resources at the site, providing differ-
ent levels of ground cover and shade. Pure plantation showed the highest PAR values
(1103—1415 pmol m ™2 s~1), while the lowest values (384—1316 pmol m 2 s~!) were
found in the agroforestry system (AFS). The mixed plantation displayed intermediary PAR
values (852—1336 pmol m ™2 s~ ') (Fig. 4a). In the AFS, the best soil quality (SQI) indexes
of 0.33—1.00 were observed (Fig. 4b), and in pure and mixed plantations a lower SQI of

1.0
1400 a (a) (b)
~ T a
221200 ab 0.8
) 1 b I
a 1000 T " 06
) b & =
Q )
g 600 [ 04
3
~ 400
(-4 0.2
< 200
=9
0 0.0
Pure Mixed AFS Pure Mixed  AFS

Fig. 4 Availability of light and quality of soil in different planting systems. a Photosynthetically active
radiation (PAR) and b Soil quality index (SQI). Different letters above bars indicate statistical difference
at 5% probability
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Table 2 Leaf nutrients of Leaf nutrient Pure plantation Mixed Agroforestry
B?rtholletia e)fcelsa saplings in plantation system
different planting systems N (gkg 1) 143820832 148340432 143120604

P(gkg ") 1.49£0.17b  1.84£026b  223+0.19a

K(gkg ") 6.07£0.49ab  6.47£0.68a  4.93+0.56b

Ca(gkg ") 9.18£0.70b  7.51£0.58b  10.2840.49a
Values are mean+standard Mg (gkg™) 2.01+£0.16b  2.09+0.15b 2.97+0.50 a
deviation. Mean followed by the  pe (mg kg™1) 127.42+10.86 141.90+551a 161.65+11.77
same letter in the line are not a a

statistically different, when the oy o1y 989713670 32424549a  35364252a

Tukey test is applied at the 5% I
probability level Mn (mg kg™ ") 67.20£6.90b 47.88+8.52b 87.42+1.61la

14.00 = " 0.35
~ 12.00 — (@ P Moz
210,00 ab ab 025 @
= b —— ‘ o
£ 8.00 2 b L020 '8
g 600 L 0.15 E
= 4.00 Lo.10 ~—

= )
L 2.00 t0.05

0.00 L 0.00

1.60 : 6.00
~ 140 I b (c) a (@]
2120 : b b F5.00 7o,
= T <
i (l).gg —L b 4.00 'g
o 5 b
g BEh 3.00 g
E 200 E
< 040 =
X020 1.00

0.00 0.00

Pure Mixed AFS Pure Mixed AFS

Fig. 5 Gas exchanges in different planting systems. a photosynthesis, b stomatal conductance, ¢ dark
respiration and d transpiration. Different letters above bars indicate statistical difference at 5% probability

0.36—0.57 and 0.12—0.64, respectively. The PAR values in the pure plantation were 17%
and 51% higher than those in the mixed plantation and AFS, respectively (Fig. 4a), whereas
in the AFS, the SQI was 93% higher than that in the pure plantation and 41% higher than
that in the mixed plantation (Fig. 4b).

Differences in PAR and SQI caused by the planting systems were accompanied by changes
in the concentrations of phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), and
manganese (Mn) in the leaves of saplings from different planting systems (Table 2). Sap-
lings from the AFS showed higher P, Ca, Mg, and Mn content (Table 2). On the other hand,
in this same planting system, the lowest contents of K were observed (Table 2).

B. excelsa saplings from the AFS showed better gas exchange performance. The potential
assimilation, stomatal conductance, and transpiration values were 61, 71, and 50% higher,
respectively, in AFS than in pure plantation saplings (Fig. 5). No differences were found in
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dark respiration, although the rate in the pure plantation was approximately 33% higher than
that in the AFS (Fig. 5). Net photosynthesis per unit area (Py) means and standard deviations
were 7.58 £ 0.0.99 pmol m™2 s ! in pure plantation, 9.24+1.53 pmol m ™% s~ ! in mixed plan-
tation and 12.19+1.43 umol m™2s™ ! in AFS. Stomatal conductance (gs) means and standard
deviations were 0.167+0.035, followed by 0.220+0.033, and 0.284+0.059 mol m s " in
the pure, mixed and AFS plantations, respectively. Transpiration (£) means and standard
deviations followed the same trend, with 3.47+0.69, 4.21+0.52 and 5.22+0.95 mmol m 2
s~ !. For dark respiration (Rd) means and standard deviations the AFS was the lowest with
0.97+0.19 mmol m 2 5™, succeeded by mixed plantation with 1.22+0.13 mmol m 2 s~ !
and pure plantation with 1.29+0.33 mmol m 25!,

B. excelsa saplings from the agroforestry system also had higher nitrogen (PNUE) and
potassium (PKUE) use efficiency (Fig. 6). The PNUE found in the saplings of the AFS were
53 and 13% higher than those observed in pure and mixed plantations, respectively, with
means and standard deviations of 147.6+31.6, 130.4+27.8 and 96.2+17.5 mmol mol !
s~ !. The PKUE observed in the saplings of the AFS were 87 and 63% greater than those in
pure and mixed plantations saplings, respectively, with means and standard deviations of
1298+530, followed by 791+ 178, and 691+ 185 mmol mol ! s™!. Regardless of the plant-
ing system, the order of nutrient use efficiency of B. excelsa saplings was P>Mg>K>Ca>
Zn>Mn>N>Fe (Fig. 6).

Planting systems influenced the growth height of B. excelsa saplings, but no statisti-
cal difference was observed in diameter growth. In agreement with silvicultural stan-
dards, initial height mean and standard deviation were 42.35+18.54 cm and diameter

3000

a C—1 Pure plantation
EEE  Mixed plantation
mmmm Agroforestry

2500

—®

2000

1500 H

1000

Nutrient use efficiency

500

baba

o L ORE 1|

N P K Ca Mg Fe Zn Mn

Fig. 6 Photosynthetic efficiency in nutrient use in B. excelsa saplings in different planting systems. Dif-
ferent letters above bars indicate statistical difference between efficiency of same nutrient in different
planting systems at 5% probability
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Fig.7 Growth rate in B. excelsa saplings in different planting systems: a height growth rates, and b diam-
eter growth rates. Different letters above bars indicate statistical difference at 5% probability

were 7.43+£2.89 mm according to silvicultural standards. Final absolute heights were
81.96+52.87,73.10+51.11, and 115.40£61.04 I in the pure, mixed and AFS, respectively.
Final diameters were 18.42+12.37, 17.43+10.87, and 19.66+8.26, respectively. There-
fore, no significant difference was registered for AGRD between planting systems, whereas
AGRH was enhanced in AFS (Fig. 7). Surviving plants totalized 55, 20 and 24 in pure,
mixed and AFS, comprising for 73, 80 and 96%, respectively.

Discussion

In the degraded Eastern Amazon area, AFS B. excelsa saplings showed better ecophysi-
ological performance than the monoculture and mixed plantations. This was represented
by higher survival, photosynthesis, leaf nutrient content, and nitrogen (N) and potassium
(K) use efficiencies. Different planting systems provide different resource availabilities and
competition, resulting in distinct ecophysiological conditions. B. excelsa physiological plas-
ticity allowed the plants to respond with height growth and gas exchange improvements in
the AFS, probably resulting in higher assimilation and biomass allocation if prolonged over
time. The difference in the ecophysiological performance of B. excelsa saplings between
planting systems is probably due to changes in resource availability and plasticity of the
species.

Photosynthetically active radiation (PAR) is a limiting resource; plants grow taller to
outfit competitors, and this condition is stimulated in shaded areas such as AFS. Higher
investment in height, rather than diameter, demonstrates a priority in the allocation and
phenotypical plasticity of B. excelsa. A higher H/D relation diminishes biomechanical tol-
erance, increases photosynthetic capacity in the first few years, and can compensate for
greater biomass allocation if it succeeds. PAR also affects soil dynamics because solar irra-
diance can dry soil and increase local droughts. A higher plant density in AFS increases
competition above and belowground; however, the soil benefits from a green cover. Vegeta-
tion protects the soil from rain and direct sunlight, preserves the air and water balance, and
allows the microbiota to maintain the soil structure. These soil protection, as demonstrated
in Fig. 3, are likely to improve SQI. Changes in the availability of primary resources for
plant growth caused by different planting systems have also been reported by Thomas et al.
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(2021), who attributed the differences in PAR to species density in each system. However,
the improvement in the SQI is influenced by the species present in each system and their
ability to produce nutrient-rich litter in large quantities (Freitas et al. 2020; Octavia et al.
2024; Souza et al. 2024).

The high PAR values found in the monoculture and mixed plantations could be attributed
to the lower density of individual species (Fig. 2). Although the density in monoculture
was the same as that in mixed plantations, the lower PAR values found in the latter were
due to /. edulis presence, which shades the area due to canopy structure and rapid growth.
I. edulis and Musa sp. were responsible for shading the B. excelsa in the AFS. B. excelsa
exhibits phenotypic and physiological plasticity in response to variations in environmental
irradiance, which gives it the ability to survive and grow in both shaded and degraded agro-
forestry sites. However, higher growth and photosynthetic rates were observed in areas with
greater light availability (da Costa et al. 2022; Oliveira et al., 2024a).

The presence of I. edulis in the AFS and mixed plantation was probably the determining
factor for the improvement in the SQI in these planting systems. /. edulis has been indicated
for the recovery of degraded areas, mainly because of its ability to produce litter with good
chemical quality (high values of N) and in large quantities (Freitas et al. 2020). Although
the litter was not evaluated in this study, it is possible to observe a large amount of 1. edulis
leaf residues in AFS soil (Fig. 3).

The SQI improvement reflected increased phosphorus (P), calcium (Ca), magnesium
(Mg), and manganese (Mn) leaf contents in the AFS B. excelsa saplings. Planting systems
intercropped with nitrogen-fixing legumes may favor nutrient availability to plants by influ-
encing the actions of soil fauna, microorganisms, and enzymes (Eka et al. 2022). For exam-
ple, Aleixo et al. (2020) observed that a eucalyptus and nitrogen-fixing legume consortium
in recovery plantations in degraded areas increased all soil P fractions.

Regarding plant nutrition, the higher values of K found in pure plantation saplings can be
related to strategies to minimize the water stress effects caused by direct radiation exposure
and, consequently, to higher temperatures. The enhanced K rates are probably related to
osmoregulation and stomata control functions. Similar behavior has already been observed
in B. excelsa; when exposed to water stress, the species increases the concentrations of
potassium, proline, and carbohydrates in the leaves (Ferreira et al. 2012; Schimpl et al.
2019; da Costa et al. 2022). In the AFS and mixed plantations, the saplings may have ben-
efited from the shading provided by the other species which could result in reduction of
water stress. In addition, greater soil coverage by the tree canopy and organic matter can
contribute to soil moisture conservation. However, in pure plantations greater exposure
causes higher irradiation and temperature.

The increase in leaf nutrient content, especially P, may have been the determining factor
for finding the highest rates of photosynthesis, stomatal conductance, and transpiration in
AFS plants. Phosphorus is involved in several cellular processes, including energy con-
servation, metabolic regulation, and signal transduction (Kayoumu et al. 2023). Correa et
al. (2022) found that increased P availability has beneficial effects on photosynthesis in B.
excelsa by favoring photochemical efficiency and CO, capture. Additionally, studies have
found that greater P availability contributes to improvements in light- and nutrient-use effi-
ciency in B. excelsa plants (da Costa et al. 2022; Oliveira et al., 2024b).

There was also an increase in Mg, Ca, and Mn concentrations in AFS sapling leaves. Mg
can be associated with protein and RuBisCO synthesis, as well as chloroplast ultrastruc-
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ture, and acts directly on chlorophyll synthesis and RuBisCO activation (Cunha et al. 2016;
Triankner et al. 2018). Ca and Mn are essential for the oxygen evolution complex (OEC) of
the photosynthetic apparatus, which catalyzes the water-splitting reaction in photosystem II
(PSII) (Silva et al. 2008; Wang et al. 2019; Alejandro et al. 2020).

Additionally, Souza et al. (2017) demonstrated that the PAR level of 800—1,000 pmol
m? s (levels similar to those found in this study in the AFS) may be more advantageous
for B. excelsa saplings. At higher irradiance levels, B. excelsa has a lower photochemical
efficiency, which can compromise photosynthesis, particularly carbohydrate metabolism
(Lopes et al. 2019; Costa et al. 2020; Jaquetti et al. 2022). On the other hand, Scoles et al.
(2014) demonstrated that irradiance levels lower than 800 pmol m™ s™! can favor B. excelsa
mortality in the medium and long term.

The increase in photosynthesis in AFS saplings was the main factor contributing to
greater K and N use efficiency, as nutrient use efficiency is determined by the availability
of nutrients and photosynthesis values (Marenco et al. 2001; Baligar et al. 2001; Nieves-
Cordones et al. 2020). Additionally, the nutrient use efficiency values observed in this study
were higher than those verified in a study with clones of B. excelsa in a degraded area of
the Central Amazon, mainly regarding the use of N, K, Mg, and Mn (Ferreira et al. 2016).
These factors confirmed the aptitude of the species for cultivation in areas that have under-
gone degradation. In addition to being tolerant to low nutrient availability, it still adjusts the
photosynthetic apparatus so that nutrients are used more efficiently.

Considering that the plants in the pure plantations had the greatest light availability, the
highest values of respiration in the dark for B. excelsa in this treatment corroborate the find-
ings of an Amazon study on native species (Rodrigues and Gongalves 2014). High rates of
dark respiration are associated with the high cost of maintaining the photosynthetic appa-
ratus. In addition, there is an increase in photoprotection mechanism investment, with an
increase in this variable occurring with the increase in irradiance, temperature, and improve-
ment in the nutritional status of trees (Krause 2012; Rodrigues and Gongalves 2014).

The ability of a species to respond to changes in the availability of environmental
resources depends on its level of physiological plasticity (Lopes et al. 2019; da Costa et al.
2022). In the case of B. excelsa, da Costa et al. (2022) highlighted that this species has a high
level of adaptive plasticity, being able to respond to changes in the light environment, as
well as variations in the availability of water and nutrients in the soil. Here, it was observed
that the species uses different physiological and structural strategies to support changes in
the availability of resources in the environment and favors their survival and growth rates
(Lopes et al. 2019; da Costa et al. 2022; Fortes et al. 2023; de Souza et al. 2023).

The greater growth in height of B. excelsa saplings in the first two years of plantation in
the AFS may have occurred because of the high level of plasticity of this species in response
to low irradiance levels, as already observed in a greenhouse (Lopes et al. 2019). Thus,
the lower availability of irradiance in the AFS induced the species to invest in strategies
to increase survival and light capture and thus increase growth rates in height, but not in
diameter. These results were obtained from a study on the juvenile growth and physiological
performance of B. excelsa grown under different planting systems established in a degraded
area in an open field. However, understanding the future of modeling planting systems,
particularly in agroforestry, presents major challenges in finding the right balance between
model complexity and the range of interactions that can be simulated, as highlighted by
Gongalves et al. (2021).
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Conclusion

Different planting systems in the degraded land of the Eastern Amazon show that environ-
mental factors play a determining role in the performance of B. excelsa during the initial
phase. This study evaluated pure and mixed plantations and the effects of AFS on B. excelsa
growth and physiological characteristics during the first two years. Different planting sys-
tems promoted different growth and gas exchange rates in B. excelsa saplings in response to
variations in primary resource availability (light, nutrients, and water). The different plant-
ing systems promoted different site conditions for B. excelsa saplings, with an emphasis on
high availability of light in the pure plantations. The AFS exhibited an improved soil quality
index, together with lower irradiance levels.

The best ecophysiological responses of B. excelsa were observed in the AFS and mixed
plantations, mainly in relation to gas exchange (Py, gs, and E) and nutritional status (PNUE
and PKUE). In addition, this study highlighted the physiological plasticity of B. excelsa
in response to variations in primary resources, particularly light availability. The results
obtained in this study show the ability of B. excelsa in juvenile stages to recover altered
areas when cultivated in these planting systems; however, it is important to analyze the
behavior of the species in mixed plantations and agroforestry systems in the long term and
under varying degradation conditions.
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