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Abstract

Handroanthus chrysanthus and Swietenia macrophylla are ecologically and economically
significant tree species whose populations have declined due to high demand for their
timber, adversely affecting their natural regeneration. This study aimed to evaluate the
ecophysiological response to increased photosynthetic photon flux density (PPFD) in
GQStéD Quero o H. chrysanthus and S. macrophylla seedlings under Amazonian conditions. Assimilation
mgg‘fggg C{fnlj"z]fae}f’“bl’ca’ measurements (A) were performed using a portable iFL-LCpro-SD system. The
’ evaluation of A in response to increased PPFD ranged from 25 to 1800 pymol m=2s7".
Water use efficiency (WUE) was calculated as the ratio between A and the transpiration
] rate (E). S. macrophylla exhibited a significantly higher maximum photosynthetic
Received 30 Jul 2025 - T
Accepted 27 Jan 2026 assimilation rate (Amax, 9.4 £ 0.52 pmol CO, m™2 s™") compared to H. chrysanthus (6.18
Published 26 Feb 2026 + 0.17 ymol CO, m™2 s™', p < 0.05), indicating greater carbon fixation efficiency. S.
macrophylla showed a maximum WUE (WUEmax) of 13.17 £ 0.24 umol mmol™ at 600
umol m™2s~' PPFD, while H. chrysanthus reached its WUEmax (6.16 £ 0.23 umol mmol™)
at 750 umol m=2 s PPFD. These results suggest that S. macrophylla exhibits higher
WUE under high irradiance conditions, potentially due to more efficient stomatal
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Respuesta ecofisiolégica al incremento de la densidad de flujo de fotones
fotosintéticos (PPFD) en plantulas de Handroanthus chrysanthus (Jacq.) S.O.
Grose y Swietenia macrophylla King bajo condiciones amazdénicas

Resumen

Handroanthus chrysanthus y Swietenia macrophylla son especies arbdreas de gran importancia ecol6gica y econdmica
cuyas poblaciones se han visto reducidas debido a la alta demanda de su madera, lo que afecta negativamente su
regeneracion natural. Este estudio tuvo como objetivo evaluar la respuesta ecofisioldgica al incremento de la densidad de
flujo de fotones fotosintéticos (PPFD) en plantulas de H. chrysanthusy S. macrophylla bajo condiciones amazonicas. Las
mediciones de asimilacién (A) se realizaron utilizando un sistema portatil iFL-LCpro-SD. La evaluacion de A en respuesta
al aumento de PPFD abarcd un rango de 25 a 1800 pmol m™2s™". La eficiencia en el uso del agua (WUE) se calculé como
la relacidn entre Ay la tasa de transpiracién (E). S. macrophylla presentd una tasa maxima de asimilacion fotosintética
(Amax) significativamente mayor (9,4 + 0,52 pmol CO, m™2 s™") en comparacion con H. chrysanthus (6,18 £+ 0,17 umol
CO, m2s™ p < 0,05), lo que indica una mayor eficiencia en la fijacién de carbono. S. macrophylla alcanz6 su WUE
méxima (WUEmax) de 13,17 £ 0,24 pymol mmol™ a 600 umol m™ s™" de PPFD, mientras que H. chrysanthus alcanzé su
WUE nax (6,16 0,23 umol mmol™") a 750 umol m™ s~ de PPFD. Estos resultados sugieren que S. macrophylla presenta
una mayor eficiencia en el uso del agua bajo condiciones de alta irradiancia, posiblemente debido a una regulacion
estomatica mas eficiente y un balance optimizado entre la fijacion de carbono y la pérdida de agua por transpiracion.

Palabras clave: intercambio gaseoso, intensidad luminica, fotosintesis, reforestacion

Resposta ecofisiolégica ao aumento da densidade de fluxo de fétons
fotossintéticos (PPFD) em plantulas de Handroanthus chrysanthus (Jacq.)
S.0. Grose e Swietenia macrophylla King sob condigdes amazénicas

Resumo

Handroanthus chrysanthus e Swietenia macrophylla sdo espécies arboreas de grande importéncia ecoldgica e
econdmica, cujas populagdes tém diminuido devido a alta demanda por sua madeira, impactando negativamente sua
regeneracgéo natural. Este estudo teve como objetivo avaliar a resposta ecofisiolégica aoc aumento da densidade de fluxo
de fétons fotossintéticos (PPFD) em plantulas de H. chrysanthus e S. macrophylla sob condi¢des amazonicas. As
medicOes de assimilagdo (A) foram realizadas utilizando um sistema portatil iFL-LCpro-SD. A avaliagio de A em resposta
ao aumento de PPFD variou de 25 a 1800 umol m=2s™. A eficiéncia no uso da agua (WUE) foi calculada como a razédo
entre A e a taxa de transpiracéo (E). S. macrophylla apresentou uma taxa maxima de assimilagdo fotossintética (Amax)
significativamente maior (9,4 £ 0,52 pmol CO, m™2s™") em comparagéo com H. chrysanthus (6,18 £ 0,17 pumol CO, m™
s™", p < 0,05), indicando maior eficiéncia na fixagdo de carbono. S. macrophylla alcangou sua eficiéncia maxima no uso
da agua (WUEnax) de 13,17 £ 0,24 pumol mmol™ a 600 ymol m™2 s™' de PPFD, enquanto H. chrysanthus atingiu sua
WUEmax (6,16 £ 0,23 umol mmol™) a 750 ymol m™ s™' de PPFD. Esses resultados sugerem que S. macrophylla
apresenta maior eficiéncia no uso da agua sob condigdes de alta irradiancia, possivelmente devido a uma regulagao
estomatica mais eficiente e um equilibrio otimizado entre a fixagéo de carbono e a perda de agua por transpiracéo.

Palavras-chave: troca gasosa, intensidade luminosa, fotossintese, reflorestamento

1. Introduction

Handroanthus chrysanthus and Swietenia macrophylla are tree species of substantial ecological and economic
relevance in Neotropical forests (Héctor et al., 2024; Herrera-Feijoo et al., 2023). Both species are currently
listed in Appendix Il of CITES, indicating that although they are not immediately threatened with extinction, their
international trade must be regulated to prevent unsustainable exploitation (Ministerio del Ambiente, Agua y
Transicion Ecologica, 2024). H. chrysanthus, commonly known as the yellow trumpet tree, is valued for its hard
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and durable timber, widely used in construction and furniture manufacturing (Kubler et al., 2020). Its mass flow-
ering events in Ecuadorian dry forests also hold notable cultural and touristic importance, particularly within
community-based ecotourism initiatives (Sanchez Amboage et al., 2016). In contrast, S. macrophylla (mahog-
any) is globally recognized for its high-quality wood and long-standing commercial demand (He et al., 2020).

The incorporation of these species into ecological restoration programs carries important ecological and socio-
economic implications. From an ecological perspective, their establishment contributes to the recovery of forest
structure, enhancement of ecosystem functions, and conservation of biodiversity in degraded tropical land-
scapes. From a socioeconomic standpoint, the sustainable production of premium timber from restored or man-
aged systems offers significant economic opportunities, particularly for rural and Indigenous communities that
depend on forest resources (de Oliveira Neves et al., 2024). Nevertheless, historical overharvesting and inade-
quate management strategies have jeopardized natural population resilience, threatening both the ecological
sustainability of these species and the economic benefits associated with their high-value timber.

The Ecuadorian Amazon region, characterized by its high biodiversity and ecological complexity, offers unique
environmental conditions that influence the growth and development of these species' seedlings (Garcia-
Quintana et al., 2020; Ureta-Leones et al., 2024). The photosynthetic photon flux density (PPFD) is a critical
environmental factor affecting photosynthesis, water use efficiency, and, consequently, plant growth (Jin et al.,
2024; Rosati et al., 2020). Studies on the ecophysiological response of seedlings to increasing PPFD are
essential to understand how these species adapt to variations in light availability, particularly in Amazonian
ecosystems where tree canopy cover significantly alters understory irradiance (Amaral et al., 2023; Debiasi et
al., 2024; Yan et al., 2015).

Photosynthesis is the fundamental process through which plants convert light energy into chemical energy,
enabling biomass production and plant growth (Dumais et al., 2025; Trugman & Anderegg, 2025). Understanding
how H. chrysanthus and S. macrophylla respond to different PPFD levels is crucial for developing management
strategies (planting zonation according to light requirements, canopy management to optimize incident PPFD,
among others) that optimize their establishment and growth in ecological restoration programs. Moreover, this
knowledge can aid in selecting appropriate sites for reforestation and implementing silvicultural practices that
promote the natural regeneration of these species.

In this context, the objective of this research was to evaluate the ecophysiological response to increasing PPFD
in H. chrysanthus and S. macrophylla seedlings under Amazonian conditions, as a contribution to forest resto-
ration programs.

2. Materials and Methods
2.1 Study Area

The research was conducted at the Centro Experimental de Investigacion y Produccién Amazédnica (CEIPA),
1°14'17.6" S 77°53'07.7" W) of the Universidad Estatal Amazénica, located in Arosemena Tola, Napo province,
Ecuador (Figure 1). The center spans 2,848 hectares, of which at least 2,500 hectares are native forest. The
region is characterized by a warm and humid climate, with an average annual temperature ranging between 24
and 25 °C. Average annual precipitation reaches 4,000 mm, with altitudes ranging from 580 to 990 meters above
sea level and a relative humidity of 80% (Ureta-Leones et al., 2024). Seedlings of H. chrysanthus and S. mac-
rophylla were cultivated under controlled nursery conditions at CEIPA for a period of four months. During this
phase, standardized silvicultural practices were applied, including regular irrigation, phytosanitary control, and
the use of enriched substrates, ensuring uniform and healthy initial development. These conditions minimized
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environmental variability and ensured the physiological quality of the seedlings prior to field establishment. The
planting site was selected based on the presence of remnant populations of the study species. Within a one-
hectare area, a plantation was established using the enrichment method. The assessment of photosynthetic
parameters was conducted when the seedlings were eight months old. H. chrysanthus had an average height
of 60 £ 5 cm and a root collar diameter of 4 + 0.7 cm, while S. macrophylla reached an average height of 50 £
9 cm and a root collar diameter of 4 + 0.3 cm. Both species grew in a shaded environment beneath the forest
canopy, under which their ecophysiological performance was assessed.

845090 ' 845180 845270 ' 845360 ' 845450 845540 845630 845720 845810 ' 845900 845990

National Location

{

Location of the study area

Amazanian Experimental

845090 ' 945180 845270 ' 845360 845450 845540 845630 845720 845810 845900 845990

Coordinate System WGS84: UTM, Zone 17s

Figure 1. Location map of the Centro Experimental de Investigacion y Produccién Amazoénica: a) Study area;
b) Photosynthetic parameter measurements of S. macrophylla; c) Photosynthetic parameter measurements of
H. chrysanthus

2.2 Photosynthetic Parameter Measurements

Photosynthetic assimilation measurements in H. chrysanthus and S. macrophylla seedlings were performed
using a portable integrated system for photosynthesis and chlorophyll fluorescence measurement (iFL - LCpro-
SD) with fully programmable microclimate control, developed by Opti-Sciences Inc. and ADC BioScientific Ltd.
(UK). This device is equipped with a high-intensity white actinic light source, predominantly blue spectrum, which
allows chloroplast migration similar to natural conditions. The iFL system can emit a maximum light intensity of
2,000 umol m™2s7", It also incorporates a leaf absorption measurement system using an RGB sensor that eval-
uates leaf reflectance and transmittance. Additionally, an infrared (IR) temperature sensor covers approximately
80% of the chamber area, enabling the recording of various variables (Table 1).

Table 1. Definition of the abbreviations for photosynthetic parameters

Abbreviation Definition Units
PPFD Photosynthetic Photon Flux Density pmol m-2s-
A Photosynthetic Assimilation pmol CO2 m2s
Amax Maximum Photosynthetic Assimilation pmol COz m2s
Ci Intercellular CO, Concentration pmol CO2 m2s-1
E Transpiration Rate mmol m2s!
Gs Stomatal Conductance mol m2s-!
¥ Compensation Point pmol CO2 m2s-!
R Daytime Respiration pmol COz2 m2s!
ETR Electron Transport Rate pmol m2s-
ETRmax Maximum Electron Transport Rate pmol m-2s-

4 Agrociencia Uruguay 2026;30:e1807



2
Ureta-Leones D, Medina-Gahona A, Arteaga-Crespo Y, Garcia-Quintana Y, Lopez-Alban A, Alvarado-Sarango B {

2.3 Light Compensation Point

Measurements to determine the light compensation point were conducted in situ. Owing to the presence of
compound leaves, measurements were performed on a single leaflet per plant, using five randomly selected
replicates per species. The procedure followed the methodology proposed by Laisk (1997), incorporating modi-
fications introduced by the authors (see Table 2). The experiment involved generating three A/Ci curves under
different light intensity levels. At each level, CO, concentration was progressively increased, with temperature
maintained at 25 °C and relative humidity at 80% (Table 2). The light compensation point is defined as the lowest
light intensity at which a plant's photosynthetic rate equals its respiration rate. At this point, the amount of oxygen
produced by photosynthesis equals the amount consumed in respiration, and the amount of CO, absorbed
during photosynthesis equals the amount released by respiration (Schmiege et al., 2023).

Table 2. Characteristics of the Laisk protocol

Ne Time* PPFD CO:2 concentration Humidity Temperature
(min) (umol m2s1) (umol m2s) (%) (°C)
1 4 200 115 80 25
2 2 200 160 80 25
3 2 200 205 80 25
4 2 200 250 80 25
5 4 400 115 80 25
6 2 400 160 80 25
7 2 400 205 80 25
8 2 400 250 80 25
9 4 600 115 80 25
10 2 600 160 80 25
1 2 600 205 80 25
12 2 600 250 80 25

* Modified Laisk protocol values; PPFD: Photosynthetic Photon Flux Density.

2.4 Photosynthetic Response to Increasing PPFD

Photosynthesis measurements in response to varying PPFD intensities were conducted following the guidelines
of Avila-Lovera and Tezara (2018) and Cao et al. (2024), incorporating modifications to the measurement dura-
tion. For the analysis, 25 healthy seedlings per species (H. chrysanthus and S. macrophylla) were selected.
Measurements were performed on a single leaflet per plant, ensuring that only undamaged and morphologically
intact leaflets were evaluated. Measurements were conducted in the morning (08:00-11:00) under clear sky
conditions. Experimental conditions were controlled at 25 °C, 80% relative humidity, and a CO, concentration
of 450 ymol m=2 s™". PPFD was gradually increased from 25 to 1800 pumol m™ s™" across 12 levels (25, 50,
100, 150, 250, 450, 600, 750, 1000, 1250, 1500, and 1800 pmol m™2 s™"). Each measurement lasted four
minutes, resulting in a total assessment time of 48 minutes per seedling.

2.5 Determination of Water Use Efficiency Coefficients at the Leaf Level

Water use efficiency (WUE) is defined as the ratio between net photosynthesis (A) and the transpiration rate (E),
mathematically expressed as WUE = A/ E, in units of ymol CO, (mmol H,0)™". This parameter is fundamental
for understanding the adaptive strategies of plants in environments with variable water and light availability. In
this study, the determination of coefficients related to WUE was based on the approach proposed by Jin et al.
(2024). According to this model, four key coefficients were calculated from the area under the WUE curve for
each of the analyzed species: water potential coefficient (WPC), water loss coefficient (WLC), strategic water
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use coefficient (WSC), and total water use coefficient (WTC). This procedure was performed using SigmaPlot
15.0 software, enabling precise quantification of the ecophysiological response of seedlings under different
PPFD intensities (Figure 2).

________________________________ -
! Wpe — —
: TS5+ S,
_ |
g y
S
g | | WILC = —2
3 | S S5 + S,
. | |
| I
5 : | wsc=
S ! : A
51 | s '
i ’ : WTC = S1+ 8
i | TS, + S, 45,+8S,
! J
PPFD (umol m2s1)

Figure 2. Categorized areas under the WUE curve for coefficient estimation

WUEmax: Maximum Water Use Efficiency; WUE: Water Use Efficiency; WPC: Water Potential Coefficient; WLC: Water Loss
Coefficient; WSC: Strategic Water Use Coefficient; WTC: Total Water Use Coefficient.

2.6 Data Processing and Analysis

The photosynthetic parameters of H. chrysanthus and S. macrophylla were evaluated using descriptive statis-
tics. Significant differences (P < 0.05) between species were assessed through a one-way ANOVA, followed by
Tukey’s HSD post hoc test to identify pairwise differences, using OriginLab 2024 software. To examine the
photosynthetic response curves under varying PPFD levels (A/PPFD and ETR/PPFD), the data were fitted to
the Rectangular Hyperbola model using SigmaPlot 15.0 (Kieffer et al., 2024).

3. Results

3.1 Determination of the Compensation Point ( - %)

Figures 3a and 3b highlight important differences in the ecophysiological adaptation of H. chrysanthus and
S. macrophylla under Amazonian conditions. The compensation point ( - *) of H. chrysanthus (151.0
17.27 ymol CO, m™2 s™") was higher than that of S. macrophylla (117.0 £ 2.34 ymol CO, m~2 s7™"), indicating
that the former requires higher CO,, concentrations to achieve a net carbon balance. Regarding daytime respi-
ration (Ra), H. chrysanthus exhibited a higher value (1.85 + 0.07 umol CO, m™2s™") compared to S. macrophylla
(1.39 £ 0.02 ymol CO, m™2s™"). Conversely, the lower - and Rq values of S. macrophylla underscore its
efficiency under low irradiance and low CO, concentrations, favoring its survival in the understory.

6 Agrociencia Uruguay 2026;30:e1807
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Figure 3. Compensation point means of the studied species: a) H. chrysanthus; b) S. macrophylia

Photosynthetic assimilation (A); Intracellular CO concentration (Ci); CO, compensation point ( - %); Daytime respiration (Ra);
Photosynthetic Photon Flux Density (PPFD pumol m-2s-1). Error bars at each data point indicate the corresponding standard error of
the mean (SEM).

3.2 Photosynthetic Response to Increasing PPFD

Figures 4a and 4b present the photosynthetic assimilation curves in response to increasing PPFD. Under low
light intensity conditions (25-600 pmol m™2 s™"), no significant differences were found between S. macrophylla
and H. chrysanthus (P > 0.05). However, beyond 750 umol m™ s™, S. macrophylla showed a significantly su-
perior response, with a photosynthetic rate that continued to increase steadily, indicating a high capacity to
efficiently utilize light without exhibiting photoinhibition.

In contrast, H. chrysanthus reached its maximum photosynthetic assimilation rate (5.85 + 0.18 pymol CO,
m=2s7") at 750 ymol m~2s7", followed by a decline in photosynthetic activity, evidencing photoinhibition. This
phenomenon suggests that H. chrysanthus is better adapted to intermediate irradiance levels, whereas S. mac-
rophylla exhibits greater ecophysiological plasticity, enhancing its performance under high light conditions.
These results are critical for selecting species in reforestation programs based on the light characteristics of the
site.

Figures 4c and 4d show the electron transport rate (ETR) in response to different PPFD intensities, which allows
evaluating the efficiency of electron flow in chloroplasts —a critical process for energy generation in the light
phase of photosynthesis. Beyond 450 umol m~2s™' PPFD, S. macrophylla exhibited a significantly higher ETR
(90.33 £ 1.05 pymol m™2s™", P < 0.05) compared to H. chrysanthus (63.56 + 1.61 ymol m™2s7™").

This result suggests that S. macrophylla possesses a greater capacity to handle electron flows under high irra-
diance conditions, optimizing the generation of ATP and NADPH, which are essential for carbon fixation in the
dark phase. On the other hand, the lower ETR of H. chrysanthus indicates limitations in electron transport under
high light intensities, which may be related to reduced tolerance to intense light. These differences reflect con-
trasting ecophysiological strategies that should be considered when selecting species for restoration programs
based on the light conditions of the site.
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Figure 4. Mean response curves of photosynthetic assimilation and electron transport under different light intensities for
each species: a) and c) H. chrysanthus; b) and d) S. macrophylla

Photosynthetic assimilation (A); Electron transport rate (ETR); Photosynthetic photon flux density (PPFD). Error bars at each data
point indicate the corresponding standard error of the mean (SEM).

S. macrophylla exhibited a significantly higher maximum photosynthetic assimilation rate (Amax) (9.4 £ 0.52 pmol
CO, m™s™") compared to H. chrysanthus (6.18 £0.17 pmol CO, m™*s™, p <0.05) (Table 3), indicating greater
efficiency in carbon fixation. This advantage may be associated with the superior adaptation of S. macrophylla
to high irradiance conditions, enabling it to maximize the use of available light energy. In terms of stomatal
conductance (Gs), S. macrophylla also demonstrated higher values (Gs = 0.15 molm™s™", p < 0.05) compared
to H. chrysanthus (Gs = 0.10 mol m™ s™") (Table 3). This indicates a greater capacity of S. macrophylla to
efficiently regulate stomatal opening, facilitating CO, uptake for photosynthesis while minimizing water loss -a
critical trait in Amazonian conditions where water balance is crucial.

Furthermore, the maximum electron transport rate (ETRmax) of S. macrophylla was reached at an irradiance of
750 pmol m™s™" PPFD, while H. chrysanthus achieved its ETRmax at 600 pmol m™ s™ PPFD (Table 3). This
suggests that S. macrophylla has a greater capacity to handle high light intensities without experiencing pho-
toinhibition, making it better suited to open environments or forest gaps.

In terms of transpiration (E), H. chrysanthus exhibited a significantly higher value (1.14 + 0.03 mmol m™*s™)
compared to S. macrophylla (0.75 + 0.04 mmol m™ s™", p < 0.05) (Table 3). This result suggests that H. chry-
santhus experiences greater water loss through transpiration, potentially linked to an adaptive strategy to main-
tain optimal leaf temperatures under high light conditions. On the other hand, no significant differences were
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observed between the species in intracellular CO, concentration (Ci), indicating that despite differences in tran-
spiration, both species maintain similar efficiency in CO,, diffusion to carboxylation sites.

Table 3. Photosynthetic parameters of the studied species

Photosynthetic parameters H. chrysanthus S. macrophylla
Amex (Mmol CO2 m2s-1) 6.18> £ 0.17 9.4a £ (.52
E (mmol m2s) 1.142 £ 0.03 0.75° £ 0.04
Gs (mol m2s-) 0.100 £ 0.01 0.152 £ 0.01
Ci (umol CO2 m2s-) 33728 3572+ 13
ETRmex (Mmol m-2s-1) 64b +1.79 104.832 £ 3.79

Maximum Photosynthetic Assimilation (Amax); Transpiration rate (E); Stomatal conductance (Gs); Intracellular CO.,
concentration (Ci); Maximum electron transport rate (ETRmax). Different superscript letters indicate significant differences (p < 0.05)
between species.

3.3 Water Use Efficiency (WUE)

Figures 5a and 5b illustrate the WUE curves determined from photosynthetic parameters in response to increas-
ing PPFD. Under low light intensity conditions (25-100 pmol m~2 s7), no significant differences in WUE were
observed between S. macrophylla and H. chrysanthus (P > 0.05). However, starting at 150 ymol m™2s™, S.
macrophylla showed a significantly superior response, reaching a maximum water use efficiency (WUEmax) of
13.17 £ 0.24 pmol mmol~" at 600 ymol m~2s™" PPFD. In contrast, H. chrysanthus achieved its WUEmax at 750
umol m=2s~" PPFD, with a considerably lower value (6.16 £ 0.23 umol mmol™) (Table 4). These results suggest
that S. macrophylla exhibits greater water use efficiency under high irradiance conditions, likely due to more
efficient stomatal regulation and an optimized balance between carbon fixation and water loss through transpi-
ration. Conversely, H. chrysanthus demonstrates a lower WUEmax, indicating relatively greater water loss under
high light intensities, possibly associated with a growth strategy that is more dependent on water resources.

14 | H. chiysanthus (@) 14 4 S. macrophylla ®)

-
N
L
e i
© o N
L L

WUE (umol mmol™)
o

WUE (pmol mmol™)

] / T T T T T

0 2(|)0 480 6(;0 8(;0 10|00 1 2,00 14I00 16I00 1800 0 200 400 GII)O 8(‘10 10I00 1200 1400 1600 1800
PPFD (umol m2s™) PPFD (pmol m2s™)
Figure 5. Water use efficiency in response to increasing photosynthetic photon flux density: a) H. chrysanthus;
b) S. macrophylla

WUEmax: Maximum water use efficiency; WUE: water use efficiency; PPFD: Photosynthetic Photon Flux Density.

Regarding the water potential coefficient (WPC), water loss coefficient (WLC), strategic water use coefficient
(WSC), and total water use coefficient (WTC), no significant differences were observed (Table 4), suggesting
that the compensatory mechanisms are similar between the species.
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Table 4. Water use efficiency coefficients

Coefficients H. chrysanthus S. macrophylla
WUEmex (Mmol mmol™) 6.16° £ 0.23 13.172£0.24
WPC 0.742 £ 0.01 0.742+ 0.00
WLC 0.292 + 0.04 0.262+ 0.18
WSC 0.372 0.07 0.322+ 0.00
WTC 0.722 £ 0.03 0.732 % 0.01

WUEmax: Maximum water use efficiency; WPC: Water potential coefficients; WLC: Water loss coefficient; WSC: Strategic water use
coefficient; WTC: Total water use coefficient. Different superscript letters indicate significant differences (p < 0.05) between species.

4. Discussion

The ecophysiological differences between seedlings of H. chrysanthus and S. macrophylla reflect distinct adap-
tive strategies in response to variable environmental conditions in Amazonian ecosystems. The higher compen-
sation point observed in H. chrysanthus indicates a greater dependence on elevated CO, concentrations to
sustain a positive net carbon balance (Espinosa et al., 2018). In contrast, S. macrophylla exhibits a lower com-
pensation point, which may imply a higher energetic cost associated with cellular maintenance in the absence
of light. This trait could be linked to a rapid growth strategy adapted to highly illuminated environments and is
characterized by enhanced photosynthetic efficiency under low CO, concentrations (Jhou et al., 2017). Moreo-
ver, the higher respiratory cost (Rq) in H. chrysanthus may reflect a growth strategy suited to high-light and high-
CO, environments, whereas S. macrophylla shows a lower Rq, indicative of a more efficient metabolism that
facilitates adaptation to shaded conditions (Azevedo & Marenco, 2012; Leyerer & Katzensteiner, 2025). In
H. chrysanthus, the absence of regression line intersection suggests a less flexible photosynthetic response to
variations in light and CO,, potentially reflecting a higher respiratory burden. Conversely, S. macrophylla demon-
strates greater photosynthetic adaptability, as evidenced by the convergence of its regression lines, which points
to a more efficient strategy under diverse environmental conditions. Collectively, these findings underscore the
functional differentiation between these species and their capacity to occupy distinct ecological niches within the
Amazonian ecosystem.

In terms of Amax, S. macrophylla showed significantly higher values compared to H. chrysanthus. This difference
suggests greater photosynthetic efficiency in S. macrophyila, possibly due to better adaptation to high irradiance
conditions. Previous studies have indicated that S. macrophylla exhibits high phenotypic plasticity, allowing it to
adjust its photosynthetic capacity in response to variations in light availability (Cordeiro et al., 2009; Sembada
etal., 2024). Consistent with these patterns, stomatal conductance (Gs) was also higher in S. macrophylla com-
pared to H. chrysanthus. Higher Gs facilitates greater CO, uptake for photosynthesis but may also increase
water loss through transpiration (Melo et al., 2025). However, S. macrophylla demonstrated superior WUE,
reaching a maximum value of 13.17 £ 0.24 pumol mmol™ at 600 ymol m=2 s™" PPFD, while H. chrysanthus
achieved its WUEmax of 6.16 £ 0.23 pmol mmol™ at 750 pmol m™ s~ PPFD. These findings suggest that
S. macrophylla possesses more efficient mechanisms for balancing carbon acquisition and water conservation,
which is crucial in environments with fluctuating water availability (Kabala et al., 2024; Song et al., 2025).

Regarding ETR, S. macrophylla reached its ETRmax at an irradiance of 750 ymol m™2 s~ PPFD, while H. chry-
santhus achieved its ETRmax at 600 umol m™2 s~ PPFD. An ETRmax at higher light intensities indicates a greater
capacity to handle high light energy fluxes without experiencing photoinhibition (Oluborode et al., 2025). This
suggests that S. macrophylla can maintain high photosynthetic activity under high irradiance conditions due to
its greater efficiency in dissipating excess energy and protecting photosynthetic components (Dai et al., 2024;
Tang et al., 2024). In line with these physiological differences, transpiration (E) was significantly higher in
H. chrysanthus compared to S. macrophylla. Higher transpiration rates may indicate a foliar cooling strategy to
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prevent overheating under high irradiance but could also lead to greater water loss, which might be disadvanta-
geous under water stress conditions (Liu et al., 2025; Zhang et al., 2025). Conversely, the lower transpiration in
S. macrophylla suggests a more conservative water-use strategy, potentially conferring an advantage in envi-
ronments with limited water availability (Zhao et al., 2025).

No significant differences were found between the species in intracellular CO, concentration (Ci), indicating that
both species maintain similar carboxylation efficiency. However, differences in Gs and WUE suggest that sto-
matal regulation strategies and water balance differ between the species, which could influence their perfor-
mance under varying environmental conditions (Kabala et al., 2024).

The WPC values were high in both species, indicating an adaptive strategy oriented towards active water con-
servation. Similarly, the high WTC values reflect efficient water management, even under light stress conditions.
Conversely, the low WLC values indicate a high water retention capacity under high irradiance, minimizing water
loss through transpiration. Finally, the low WSC values suggest a physiological focus on the simultaneous opti-
mization of light and water use, regardless of resource availability or intensity (Jin et al., 2024; Valladares &
Niinemets, 2008; Xu et al., 2009). These coefficients showed no significant differences between species, sug-
gesting that while there are differences in photosynthetic and transpiration responses, the general water-use
strategies are similar between S. macrophylla and H. chrysanthus (Jin et al., 2024). These results underscore
the importance of ecophysiological strategies in the adaptation of seedlings to environments with variable light
and water availability.

The observed differences in the ecophysiological responses of these species have important implications for
ecological restoration programs. S. macrophylla, with its greater photosynthetic and water-use efficiency, may
be more suitable for areas with high irradiance and variable water availability. Conversely, H. chrysanthus, with
its higher transpiration rate, may require sites with greater water availability to ensure successful establishment
and growth. Nevertheless, these recommendations must be interpreted with caution, as a methodological limi-
tation of this study is that measurements were conducted exclusively on seedlings growing under the forest
canopy. While this approach provides valuable insights into plant performance in shaded microenvironments, it
does not capture the full spectrum of physiological responses that may occur under direct light exposure. Con-
sidering the pronounced heterogeneity of Amazonian ecosystems, future research should include experimental
designs that evaluate plants subjected to higher irradiance levels. Such studies would allow contrasting the
physiological responses observed here and provide a more comprehensive understanding of species-specific
adaptive strategies across diverse light environments.

5. Conclusions

Seedlings of S. macrophylla exhibited a higher Amax and a lower Rq rate compared to H. chrysanthus, indicating
greater carbon-use efficiency under high irradiance conditions. In contrast, H. chrysanthus showed greater pho-
toinhibition at intensities above 750 umol m=2s™" PPFD, reflecting lower tolerance to intense light.

The WUE coefficients did not show significant differences between species, suggesting that while there are
differences in photosynthetic and transpiration responses, the general water-use strategies are similar for both
species. However, S. macrophylla exhibited higher Gs, indicating better regulation of gas exchange, optimizing
photosynthesis while minimizing transpiration compared to H. chrysanthus.

The results indicate that S. macrophylla exhibits greater ecophysiological plasticity, adapting more effectively to
changes in light availability, whereas H. chrysanthus requires specific irradiance conditions to optimize its
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photosynthetic performance during the seedling stage. These differences should be considered in ecological
restoration programs to maximize the survival and establishment of both species in Amazonian ecosystems.
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