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Abstract

Amazonian white-sand forests (campinarana) are highly specialized ecosystems character-
ized by nutrient-poor sandy soils and pronounced seasonal variation in water availability.
Plant species inhabiting these environments are exposed to alternating periods of water
deficit and soil saturation, which may strongly constrain recruitment and early establish-
ment. Aldina heterophylla is an endemic tree species specialist in these habitats. This study
evaluated seed germination, biomass allocation, anatomical traits, and early seedling re-
sponses of A. heterophylla under contrasting water regimes: control, partial flooding, and
drought. Seedling performance was assessed after 50 and 100 days of treatment. After
50 days, flooded seedlings showed significantly greater root biomass than control plants,
indicating short-term plastic adjustment to saturated soils. However, prolonged flooding
induced chlorosis, necrosis, leaf abscission, and partial mortality. In contrast, drought-
stressed seedlings developed leaf senescence but maintained 100% survival throughout the
experiment. Morphological and physiological traits varied significantly over time among
treatments, particularly leaf number, height, and chlorophyll dynamics. The results indicate
that A. heterophylla seedlings are more tolerant to water deficit than to prolonged flooding,
although they display adaptive responses to temporary soil saturation. These findings im-
prove understanding of regeneration processes in Amazonian white-sand ecosystems and
provide relevant information for conservation planning under increasing climatic extremes.

Keywords: campinarana; Amazonia; seedling ecology; hydrological stress; drought tolerance;
flooding tolerance; functional traits; oligotrophic ecosystem

1. Introduction

The Amazon region, globally recognized for its exceptional biodiversity and ecological
complexity, has been increasingly threatened by global climate change and disordered hu-
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man expansion, including intensified deforestation, forest degradation, and wildfires [1-3].
These drivers have promoted habitat loss and fragmentation, altered hydrological regimes,
reduced forest resilience, and increased the frequency of severe droughts and extreme
floods, with direct consequences for water cycling, carbon dynamics, and the ecological
integrity of the biome [4-7]. Recent evidence has highlighted the increasing frequency and
intensity of extreme drought and flood events in the Amazon, reinforcing concerns about
ecosystem resilience under climate change scenarios [8].

Among the ecosystems most sensitive to these environmental changes are the Amazo-
nian campinaranas, open to forested vegetation formations associated with sandy, acidic,
and extremely nutrient-poor soils, frequently classified as podzols and strongly influenced
by seasonal groundwater fluctuations [9]. These fluctuations generate alternating periods
of soil waterlogging and physiological drought, creating highly restrictive conditions for
plant establishment. In such oligotrophic environments, hydric and edaphic stress act as
strong environmental filters, favoring species with highly specialized functional strategies
and elevated phenotypic plasticity capable of coping simultaneously with high irradiance,
low nutrient availability, and marked soil moisture variation [10].

Campinaranas are characterized by relatively low species richness compared with
adjacent terra firme forests, but they harbor high ecological specialization and remarkable
levels of endemism [11,12]. Soil chemical poverty and seasonal fluctuations in the water
table select species capable of tolerating nutrient scarcity and hydrological stress, often
resulting in local dominance by a small number of species [13]. Along hydro-edaphic
gradients, species distribution is strongly associated with morphological and physiological
traits that confer tolerance to both flooding and drought [11]. Recent studies have also
emphasized the ecological vulnerability of white-sand ecosystems under ongoing climatic
and land-use changes [14].

Although campinaranas occupy only approximately 5-7% of the Amazon Basin, they
occur in disjunct patches across highly leached white-sand landscapes and support a flora
with a high proportion of endemic and habitat-restricted taxa [9,11]. In these areas, seasonal
changes in groundwater levels may either restrict access to water or cause prolonged flood-
ing of the root zone, resulting in hypoxic or anoxic soil conditions [15]. Such hydrological
extremes strongly influence community structure, seed germination, and seedling recruit-
ment. Flooding acts as an ecological filter by selecting species with morphological and
ecophysiological traits such as adventitious roots, hypertrophied lenticels, stem swelling,
and rapid post-flood recovery, whereas drought selects traits related to water conservation,
biomass allocation, embolism resistance, and root system efficiency [13,16-20].

Recent studies have demonstrated that hydrological niche segregation is a central
mechanism structuring Amazonian forests, where species differ in rooting depth, xylem
vulnerability, access to groundwater, and tolerance to seasonal water deficits [18,21]. Previ-
ous ecophysiological studies have shown that A. heterophylla exhibits adjustments in leaf
gas exchange and photon capture along vegetation gradients in Amazonian ecosystems,
indicating considerable physiological plasticity under contrasting environmental condi-
tions [2]. These strategies may determine both ecosystem resilience under normal climatic
oscillations and vulnerability under intensified drought scenarios predicted for the Ama-
zonian forest [18,22]. Understanding the responses of endemic species from white-sand
ecosystems is therefore essential, since these habitats are naturally stressful and especially
vulnerable to climate change.

Among the woody species typical of these environments, Aldina heterophylla Spruce ex
Benth (Fabaceae) stands out as an important structural component of Amazonian camp-
inaranas, strongly associated with nutrient-poor white-sand soils and seasonal hydrological
oscillations [23]. This species has a restricted geographic distribution on the Amazon and is
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currently classified as Vulnerable in conservation assessments due to the continuing decline
in the extent and quality of its habitat [24]. The increasing degradation of white-sand
ecosystems caused by urban and agricultural expansion, fire, sand extraction, and selective
logging further threatens specialized and endemic taxa [25].

Despite its ecological relevance, little is known about the regeneration ecology of
A. heterophylla, particularly during the critical early life stages of germination and seedling
establishment [26]. These ontogenetic stages are frequently the main demographic bot-
tlenecks in tropical trees and largely determine recruitment success under stressful envi-
ronmental conditions [27,28]. Studies with Amazonian species have shown that seedlings
may be more vulnerable to drought than to flooding in some systems, whereas in others
successful establishment depends on tolerance to temporary inundation [17,29]. Whether
A. heterophylla combines tolerance to both hydrological extremes remains unknown.

Therefore, this study aimed to investigate the germination strategies and adaptive
capacity of seedlings of A. heterophylla, a dominant endemic woody species of Amazonian
campinaranas, under contrasting water availability conditions. We hypothesized that,
because this species is naturally associated with oligotrophic sandy soils and environments
subject to seasonal water limitation, it also exhibits morphological and ecophysiologi-
cal adjustments that allow survival under temporary soil saturation, consistent with its
occurrence across campinarana hydrological gradients.

2. Materials and Methods
2.1. Study Species

Among tree species occurring in campinarana ecosystems of Central Amazonia,
A. heterophylla Spruce ex Benth (Fabaceae) has been identified as one of the most important
dominant species [9,25,30]. The species may facilitate the establishment of other plants
through the shade provided by its broad and laterally expanded canopy, which may reach a
diameter up to twice the height of the tree [11]. It develops a thick and tortuous trunk with
branching architecture, rough bark, and high capacity for retaining water and organic mat-
ter. These traits confer relevant ecological importance, particularly due to the abundance of
epiphytes hosted on its branches [31].

In shrub campinarana physiognomies, A. heterophylla grows on exposed sandy,
nutrient-poor, and highly leached soils under intense irradiance and elevated temper-
atures, reaching approximately 7-9 m in height. In forested campinaranas, the species
develops on sandy-silty soils covered by a thick organic layer, under milder light and
temperature conditions, reaching 9-25 m in height [12,13]. Habitat characteristics and
reproductive structures of the species are presented in Figure 1. Locally known as macucu,
macucu-de-sangue, macucu-da-campina, angelim-da-campina, campineiro it is one of the
few campinarana species capable of attaining large stem diameters comparable to those
of terra firme trees. Its durable wood makes it a target for timber extraction by local
communities [25].

2.2. Biological Material Collection

Biological material was collected in the Uatuma Sustainable Development Reserve
(RDS Uatuma) under coordinates 2°15'23.5"” S and 58°46'59.1"” W, Amazonas State, Brazil.
The regional climate is humid equatorial, with marked rainfall seasonality and annual
precipitation averaging 2030 mm. The rainy season extends from November to May, with
peak rainfall in March and April (mean values of 298.4 and 278.7 mm, respectively). The dry
season occurs from June to October, with August and September being the driest months
(mean 72 mm). Mean annual temperature is approximately 27 °C [32].
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Figure 1. Habitat and reproductive morphology of A. heterophylla. (a) General view of the natu-
ral habitat, highlighting the characteristic growth form and the tortuous trunk; (b) Inflorescence;
(c) Branch with developing immature fruits. Photos: L.O. Demarchi.

A total of 60 mature fruits were collected from 15 mother trees located in forested
campinarana areas during May 2018. Fruits were stored in paper bags and transported
to the National Institute for Amazonian Research (INPA). In the laboratory, seeds were
manually removed from fruits and washed in running water to remove pulp residues
(mechanical scarification). Seeds showing no visible damage caused by insects, fungi, or
other pathogens were selected. Seeds were homogenized and divided into two lots of
30 units each [33].

The following seed traits were measured: (a) longitudinal length, from base to apex;
(b) width, using a digital caliper with 0.05 mm precision; and (c) initial seed mass, measured
using an analytical balance (Uni Bloc-Shimadzu, Kyoto, Japan) with 0.001 g precision.

2.3. Seed Germination and Seedling Development

The germination experiment was conducted in a greenhouse at INPA/MAUA under
ambient temperature, humidity, and natural light conditions. Six plastic trays (20 x 40 cm),
each containing 10 seeds, were filled with inert vermiculite substrate.

Seed germination was monitored daily for 90 days and defined by radicle emergence.
Germinated seeds were transplanted into circular pots (20 cm diameter x 15 cm height)
filled with soil collected from the same site where fruits were harvested. Seedlings were
considered established when eophylls (protophylls) were fully developed [34], and germi-
nation stages were classified according to [28].

At the beginning of the treatments, seedlings were at similar developmental stages
and still retained their cotyledons. A total of 36 seedlings were selected and randomly
assigned to three treatments (1 = 12 per treatment): (i) control—daily irrigation; (ii) partial
flooding—water column maintained 2 cm above the substrate surface; and (iii) water
deficit—irrigation every 15 days.

The experiment lasted 100 days. After 50 days of treatment, six individuals per treat-
ment were harvested for biomass analyses, and the remaining individuals were harvested
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after 100 days. Seedling survival was monitored throughout the experiment and recorded at
each sampling time (50 and 100 days). Survival (%) was calculated based on the proportion
of living seedlings relative to the number of individuals remaining in each treatment at
each evaluation period, whereas mortality (%) represented the proportion of non-surviving
individuals. At each sampling time (50 and 100 days), seedlings were separated into roots,
stems, and leaves to obtain fresh mass. The material was then dried in a forced-air oven
at 60 °C until constant weight (48 h) and weighed using a semi-analytical balance (Uni
Bloc-Shimadzu Corp., Kyoto, Japan) with a precision of 0.001 g.

2.4. Morphological and Physiological Measurements

Throughout the experiment, seedlings were monitored weekly for changes in growth
and physiological condition. The number of live and dead leaves was recorded, and
seedling was height measured from the soil surface to the apical meristem. Visual symp-
toms associated with stress, including chlorosis, necrosis, and leaf senescence, were
also documented.

Leaf chlorophyll content was measured using a portable chlorophyll meter (Cloro-
fiLOG, Falker, Porto Alegre, Brazil), allowing non-destructive estimation of photosynthetic
pigment levels over time. This measurement was used as a proxy for physiological status,
since direct measurements of gas exchange and plant water potential were not performed.
In addition, potential adaptive morphological responses to flooding, such as stem hypertro-
phy and lenticel formation, were photographed using a digital camera (Canon EOS Rebel
T5, Canon Inc., Tokyo, Japan).

2.5. Anatomical and Histochemical Analyses

For anatomical characterization, root and cotyledon samples were sectioned trans-
versely using a bench microtome (model LPC, Rolemberg e Bhering LTDA, Belo Hor-
izonte, Brazil). Sections were examined for the description of protective, storage, and
vascular tissues.

For histochemical analyses, fresh sections of roots and cotyledons were subjected to
specific staining reagents to detect reserve compounds. Lugol’s iodine solution was used
to identify starch grains, Xylidine Ponceau was applied for protein detection, and Sudan III
was used to identify lipids, following Jensen [35]. Observations were performed under a
ZEISS stereomicroscope (Carl Zeiss, Oberkochen, Germany) at 80 x magnification.

2.6. Statistical Analyses

Differences in biomass variables among treatments were evaluated using one-way
Analysis of Variance (ANOVA), followed by Tukey’s post hoc test when significant treat-
ment effects were detected. Differences in seedling survival among treatments at 100 days
were assessed using Fisher’s exact test, considering the frequency of surviving and non-
surviving individuals in each treatment. Statistical significance was considered at p < 0.05.

Prior to analysis, data were tested for normality using the Shapiro-Wilk test, and
homogeneity of variances was assessed to verify ANOVA assumptions. When assumptions
were violated, data distributions were inspected before proceeding with analyses.

Temporal responses of repeated variables, including leaf number, seedling height,
and chlorophyll content, were analyzed using repeated-measures ANOVA to evaluate the
effects of treatment, time, and treatment x time interactions. Assumptions of normality,
homoscedasticity, and sphericity were verified before analysis.

For graphical representation of temporal dynamics, raw data were transformed into
relative variation, in which the value of each individual at time f was divided by its initial
value at time ty (relative variation = V;/Vy). This normalization procedure established a
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common baseline equal to 1 across all treatments, facilitating comparisons of the magnitude
of growth and physiological responses to water stress over the 100-day experimental period.

All statistical analyses were performed using the R statistical software environment (R
version 4.5.0).

3. Results
3.1. Functional Adaptation Mechanisms and Anatomical Characterization

Seedlings exhibited cryptocotylar, hypogeal, reserve-type germination (CHR), with
cotyledons remaining attached during early development (Figure 2).

(&

Figure 2. Morphological stages of hypogeal seedling development of A. heterophylla. The dashed
line indicates soil level. Artwork by Marcos Melo, digital color enhancement performed using
Al-assisted tools.

The primary root of A. heterophylla exhibited a thickened, tuberous-like morphology
with several lateral roots, supporting its role as a storage organ during early development
(Figure 3a). In transverse view, the root’s anatomical structure reveals a uniseriate exo-
dermis and a highly developed cortex. This thick cortex consists of parenchymatic cells
of variable shapes, where conspicuous schizogenous spaces potentially associated with
internal aeration are formed by the separation of cortical cells (Figure 3b). Histochemical
analysis confirmed the specialized storage function of these tissues. A strong positive
reaction for starch was observed in the primary root, with numerous starch grains densely
packed within the cortical parenchymatic cells (Figure 3b,c). Histochemical tests for pro-
teins showed a presence in the root parenchyma (Figure 3d), indicating the accumulation
of nitrogenous compounds. Transverse sections of the seed showed homogeneous protein
accumulation within storage tissues (Figure 3e,f), indicating the maintenance of reserve
compounds during early seedling development.
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Figure 3. Morphological and histochemical characterization of A. heterophylla. (a) Young seedling
showing seed (SE), hypocotyl (Hyp), primary root (RP), and secondary roots (RS). (b,c) Transverse
sections of the primary root showing starch grains in the cortical parenchyma (arrows). (d) Positive
reaction for proteins in the root cortex (arrow). (e,f) Transverse sections of the seed showing protein
accumulation in storage cells (arrows). Scale bars: (b) = 400 pm; (c) = 50 um; (d—f) = 200 um.

Internally, the endodermis delimited the vascular cylinder, followed by the pericy-
cle. The vascular system exhibited a polyarch organization, with multiple xylem poles
(xyl), predominantly protoxylem, alternating with phloem (phl), suggesting high conduc-
tive capacity and efficient resource transport during early seedling establishment under
fluctuating soil moisture conditions. The medulla (med) was reduced and occupied the
central portion of the organ. Near the insertion of the epicotyl, cambium (ca) and parenchy-
matic rays (pra) were observed. In the cotyledonary petiole, a uniseriate epidermis (ep),
developed cortex, and broad medulla composed of parenchymatic cells were recorded
(Figure 4).
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Figure 4. Transverse sections of the primary root and cotyledonary petiole of A. heterophylla Spruce
ex Benth. (a) General root organization showing the cortex (cor), phloem (phl), xylem (xyl), and
medulla (med). (b) Detail of the peripheral region highlighting the epidermis (ep), exodermis (ex),
and intercellular spaces (arrow). (¢) Primary root in the region near the epicotyl insertion, evidencing
the vascular cambium (ca; red arrow), parenchymatic rays (pra), and schizogenous spaces (sch).
(d) General organization of the cotyledonary petiole showing the cortical (cor), procambium (pc) and
medullary (med) regions. Scale bars: (a,d) =400 um; (b,c) = 100 pm.

Overall, these anatomical and histochemical traits indicate functional adjustments
potentially associated with resource storage, internal aeration, and tolerance to hydrological
stress during early establishment.

3.2. Effects on Biomass

After 50 days of experiment, there was no significant effect of treatments on leaf dry
mass (ANOVA, F = 0.14; p = 0.86) or stem dry mass (ANOVA, F = 0.29; p = 0.75). However,
treatments significantly affected root dry biomass (ANOVA, F = 4.32; p = 0.03), with the
highest values recorded under the flooded treatment. Total dry biomass also differed
significantly among treatments (ANOVA, F = 3.54; p = 0.05), with differences detected
between control and flooded seedlings (p = 0.04), but not between drought and flooded
(p = 0.22) or drought and control treatments (p = 0.65) (Figure 5).

After 100 days of experiment, no treatment effect was observed for leaf dry mass
(ANOVA, F =2.35; p = 0.12). Stem dry mass differed among treatments (ANOVA, F = 4.07;
p = 0.03), particularly between control and flooded seedlings, whereas no differences
were detected between drought and flooded (p = 0.18) or drought and control treatments
(p=0.61).

No differences were found in root dry biomass (ANOVA, F = 0.94; p = 0.41) or total
dry biomass (ANOVA, F = 2.06; p = 0.16) among treatments (Figure 6). Despite the absence
of significant differences in total dry biomass, flooded seedlings exhibited reduced survival
at the end of the experiment (33.3%; Table 1).

https://doi.org/10.3390/environments13060295


https://doi.org/10.3390/environments13060295

Environments 2026, 13, 295

9of 18

1.2
1.1
1.0
0.9
0.8
0.7
0.6
0.5

Dry biomass (g)

Dry biomass (g)
w w w
[¥] (8] '

w
e

3.0

(a)
a
— a
a
—
Dry Flooded Control
(c)
—a _a
a
Dry Flooded Control

Dry biomass (g)

Dry biomass (g)

(b)
8 b
ab
PR _a_
7
6
5
o jp= =
5 | [
Dry Flooded Control
(d)
12
L2 2
10 L [
8
6
" . -
Dry Flooded Control

Figure 5. Dry biomass (g) of A. heterophylla seedlings after 50 days of experiment. Biomass partitioning
into: (a) leaves, (b) roots, (c) stems and (d) total biomass. Different lowercase letters indicate significant
differences between treatments (Dry, Flooded and Control) based on Tukey’s test (p < 0.05).

Table 1. Survival and mortality of Aldina heterophylla seedlings under control, drought, and flooded
conditions after 50 and 100 days.

Surviving

Time (Days) Treatment Efaiiiltltzrllg(sn) Seedlings (n) Survival (%) Mortality (%)
50 Control 12 12 100 0
50 Drought 12 12 100 0
50 Flooded 12 12 100 0
100 Control 6* 6 100 0
100 Drought 6% 6 100 0
100 Flooded 6* 2 33.3 66.7

* Remaining seedlings after destructive sampling performed for biomass analyses at day 50.

3.3. Ecophysiological Responses to Drought and Soil Saturation

Significant differences were observed over time in morphological variables (leaf num-
ber and height) and physiological variables (total chlorophyll). Leaf number was signifi-
cantly affected by water condition (F = 7.538; p = 0.005), with lower values observed under
both drought and soil saturation compared to the control (Figure 7a). This pattern was
consistent with biomass allocation, as leaf dry biomass was also significantly reduced under
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both stress conditions across the experimental period (Figures 5a and 6a). The interaction
between time and water condition was significant (F = 4.828; p < 0.001), indicating that the

effects of water stress on leaf production became more pronounced over time.
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Figure 6. Dry biomass (g) of A. heterophylla seedlings after 100 days of experiment. Biomass parti-
tioning into: (a) leaves, (b) roots, (c) stems and (d) total biomass. Different lowercase letters indicate
significant differences between treatments (Dry, Flooded and Control) based on Tukey’s test (p < 0.05).

Plant height was strongly affected by water condition (F = 48.412; p = 0.002), with
reduced growth under both drought and flooded conditions compared to the control
(Figure 7b). Time (F = 4.688; p < 0.001) and its interaction with water condition (F = 48.412;
p < 0.001) were also significant, indicating distinct growth trajectories among treatments
over the experimental period.

Water condition alone did not significantly affect total chlorophyll concentration
(F=2.410; p = 0.124). However, chlorophyll levels varied significantly over time (F = 3.297;
p <0.001), and the interaction between time and water condition was significant (F = 3.261;
p < 0.001), indicating that chlorophyll responses differed among treatments throughout
the experiment (Figure 7c). The reductions in leaf number and changes in chlorophyll
dynamics observed under flooding likely preceded the chlorosis, necrosis, and mortality
recorded after prolonged exposure. Under drought conditions, seedlings also exhibited
progressive leaf senescence, including leaf yellowing and reduced leaf production over time,
although no mortality was observed during the experimental period (see Section 3.4). These
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physiological patterns should be interpreted as indirect responses, as chlorophyll content
was used as a proxy rather than direct measurements of photosynthetic performance.
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Figure 7. Temporal responses of A. heterophylla seedlings under control, drought, and flooded
conditions over 100 days. Panels show relative variation (baseline = 1) in leaf production (a), seedling
height (b), and chlorophyll dynamics (c). Values represent observed mean responses over time for
each treatment.

3.4. Effects on Morphology, Physiology, and Seedling Survival

After 50 days of treatment, all seedlings survived under control, drought, and flooded
conditions (100% survival in all treatments). Seedlings under control conditions maintained
normal morphology and development throughout the experiment (Figure 8a). Although
no mortality was observed at this stage, seedlings subjected to soil saturation exhibited hy-
pertrophied lenticel formation and changes in stem morphology, indicating early adaptive
responses to flooding (Figure 8b). These responses occurred concurrently with changes
in root biomass allocation under flooded conditions (Section 3.2), suggesting temporary
acclimation to hypoxic stress.

From approximately the 60th day onward, prolonged flooding induced progressive
stress symptoms, including chlorophyll reduction, leaf chlorosis, necrosis, and subsequent
leaf abscission. Chlorotic lesions initially appeared along leaf margins and gradually
expanded toward the central lamina, impairing plant growth (Figure 8c). The reduction in
leaf number and chlorophyll observed under prolonged flooding (Figure 7a,c) preceded
leaf necrosis, abscission, and subsequent mortality under prolonged soil saturation.

https:/ /doi.org/10.3390/environments13060295


https://doi.org/10.3390/environments13060295

Environments 2026, 13, 295

12 0f18

Figure 8. Morphological and physiological responses of A. heterophylla seedlings under contrasting
water regimes. (a) Seedling under control conditions showing normal development. (b) Seedling
exposed to soil saturation for 60 days, showing hypertrophied lenticels (inset: detail indicated by
arrow). (c) Leaf chlorosis and necrosis under prolonged flooding, followed by leaf abscission. (d) Leaf
senescence observed in seedlings subjected to drought stress.

At the end of the 100-day experiment, all seedlings in the control and drought treat-
ments remained viable (100% survival), whereas only 2 of the 6 flooded seedlings survived,
corresponding to 33.3% survival and 66.7% mortality (Table 1). Survival differed signifi-
cantly among treatments at 100 days (Fisher’s exact test, p = 0.015).

Seedlings exposed to drought exhibited leaf senescence by the end of the experiment;
however, no mortality was recorded under this treatment (Figure 8d). Overall, prolonged
soil saturation negatively affected morphological and physiological performance, whereas
drought induced senescence without compromising seedling survival.

4. Discussion

A. heterophylla exhibited a combination of morphological, anatomical, physiological,
and biochemical traits associated with tolerance to both water deficit and temporary soil
saturation. These responses are consistent with the hydro-edaphic dynamics of Amazonian
campinaranas, where fluctuations in groundwater level and low soil fertility impose strong
selective pressures on plant establishment and survival [16,36]. In such environments,
species capable of adjusting biomass allocation and root functioning under contrasting
hydrological conditions are more likely to survive and establish successfully.

One of the most relevant findings of this study was the increase in root dry biomass
under flooded conditions after 50 days of treatment. While many Amazonian flood-tolerant
species typically maintain or even reduce root biomass to minimize oxygen demand under
hypoxia [17,37], A. heterophylla exhibited a distinct investment pattern. This greater allo-
cation to roots under waterlogging may represent a specialized adaptive response to the
nutrient-poor and highly permeable soils of campinaranas, where root plasticity is essential
to maximize nutrient acquisition during seasonal transitions [27]. Similar increases in
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root-to-shoot ratios have been observed in other white-sand specialists, suggesting that
maintaining an expansive root system, potentially coupled with morphological adapta-
tions like lenticels, allows these taxa to sustain metabolic activity even under restrictive
hydrological conditions [29,38]. Thus, the root plasticity of A. heterophylla appears to be a
key trait for its establishment in the dual-stress environment of white-sand ecosystems.

The formation of hypertrophied lenticels in flooded seedlings further supports the
interpretation that A. heterophylla possesses functional traits associated with flood tolerance.
Lenticels are commonly induced under inundation and increase gas exchange between the
atmosphere and internal tissues, facilitating oxygen diffusion to submerged roots [39,40].
Similar structures have been described in Amazonian floodplain trees and species from sea-
sonally flooded savannas, where they are considered essential for survival under prolonged
waterlogging [16,19].

In addition to lenticel formation, seedlings subjected to soil saturation showed greater
stem elongation than those in the control and drought treatments. This response may
indicate a partial escape strategy, in which vertical growth helps maintain aboveground
tissues aerated and reduces the negative effects of prolonged submergence [15]. Such
strategies have been documented in flood-tolerant tropical trees and may occur simultane-
ously with quiescence mechanisms, including reduced metabolism and temporary growth
suppression [15,20].

Despite these adaptive responses, prolonged flooding ultimately induced clear stress
symptoms, including chlorosis, foliar necrosis, leaf abscission, and reduced seedling sur-
vival, resulting in 66.7% mortality after 100 days. These responses likely reflect the com-
bined effects of root hypoxia and impaired nutrient uptake. Oxygen deficiency in flooded
soils reduces root respiration, nutrient transport, and photosynthetic performance, of-
ten leading to nutrient deficiencies and tissue senescence [41]. Similar flooding-induced
chlorosis has been reported in several tropical species [42—44]. Although total biomass
did not differ significantly among treatments after 100 days, the marked reduction in sur-
vival suggests that biomass responses alone may underestimate physiological thresholds
associated with prolonged flooding. Therefore, while A. heterophylla exhibited moderate tol-
erance to temporary soil saturation, extended flooding appears to exceed its physiological
tolerance limits.

Under drought treatment, all seedlings survived until the end of the experiment,
although foliar senescence was observed. Leaf senescence under water deficit is widely
recognized as a drought-avoidance mechanism that reduces transpiring surface area, lowers
metabolic demand, and promotes nutrient remobilization before leaf abscission [45,46].
This response suggests that A. heterophylla is comparatively more tolerant to soil water
shortage than to prolonged flooding, which is coherent with its occurrence in white-sand
habitats frequently exposed to rapid drainage and seasonal drought.

Anatomical analyses also revealed important structural traits related to environmental
resilience. The occurrence of scleromorphic traits previously described for A. heterophylla
in Amazonian campinaranas further supports the interpretation that this species is highly
specialized for nutrient-poor and hydrologically stressful environments [5]. The presence
of a differentiated exodermis may function as a protective barrier regulating water and ion
movement while reducing pathogen invasion and water loss [47]. Schizogenous spaces
observed in the cortex may facilitate internal aeration under oxygen-poor conditions, acting
analogously to incipient aerenchyma [48]. In addition, the polyarch vascular organization
of the primary root suggests efficient water and nutrient conduction during early develop-
ment [49]. Together, these anatomical features indicate a high degree of ecological plasticity
compatible with fluctuating soil moisture regimes.
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Histochemical tests demonstrated the presence of starch in roots and proteins in
roots and seeds, indicating substantial reserve storage. In stressful ecosystems such as
campinaranas, nutrient reserves may be crucial for seedling establishment because external
nutrient availability is extremely low. Seed reserves support germination, respiration, tissue
differentiation, and early root expansion before seedlings become fully autotrophic [50-53].
In Fabaceae, storage proteins such as globulins and albumins are particularly important
during early development [54]. The large seeds of A. heterophylla therefore likely represent
an adaptive strategy in which greater investment per propagule increases establishment
success in oligotrophic soils [55].

This strategy, however, may also involve demographic trade-offs. Species producing
fewer, larger seeds often exhibit lower recruitment rates and slower population recovery
after disturbance [56]. For endemic taxa restricted to campinaranas, habitat degradation
combined with climate change may substantially increase extinction risk through reduced
regeneration opportunities [22,57]. Deforestation, fire, sand extraction, and hydrological
disruption are therefore likely to be especially harmful for populations of A. heterophylla [25],
also compromising the enormous epiphytic flora strongly associated with this species in
campinaranas [23].

The responses observed here show notable convergence with woody species from
other nutrient-poor seasonal ecosystems such as the Cerrado. In both systems, dominant
species often exhibit strong root investment, reserve storage organs, morphological plas-
ticity, and drought-deciduous behavior [29,35]. However, unlike some Cerrado trees that
show high mortality under flooding due to lack of adaptive structures [58], A. heterophylla
maintained low mortality and displayed clear flood-response mechanisms, suggesting a
broader hydrological tolerance spectrum.

From a broader ecological perspective, these findings are particularly relevant under
current climate change scenarios. Intensification of extreme droughts and floods has already
altered mortality patterns, forest dynamics, and carbon cycling across the Amazon [59-61].
Predicting the persistence of white-sand ecosystems requires understanding how their
dominant endemic species respond to hydrological instability during the earliest life stages,
when mortality risk is highest.

Despite the insights provided by chlorophyll dynamics and morphological responses,
the absence of direct measurements of gas exchange and plant water status limits a more
detailed mechanistic interpretation of physiological responses under stress conditions.
Future studies incorporating these variables would further improve understanding of the
functional strategies of this species under contrasting hydrological regimes.

Overall, A. heterophylla combines four main strategies: (i) storage of starch and proteins
in roots and seeds; (ii) strong root investment under stressful conditions; (iii) lenticel forma-
tion and morphological adjustment under flooding; and (iv) leaf senescence under drought.
These integrated traits likely explain its ecological success in campinaranas and may confer
resilience under moderate hydrological fluctuations. Nevertheless, increasing climatic
extremes and continued habitat loss may exceed this adaptive capacity in the future.

5. Conclusions

The results indicate that A. heterophylla exhibits moderate tolerance to hydrological
variation during early establishment, showing short-term adaptive responses to soil flood-
ing through changes in root biomass allocation while maintaining high survival during the
first 50 days of exposure. These findings suggest that the species possesses morphological
and physiological plasticity that enables adjustment to contrasting water conditions typical
of Amazonian white-sand forests.
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The development of adaptive traits such as altered root biomass allocation under
flooding, reserve storage in roots and seeds, and drought-induced leaf senescence sug-
gests coordinated strategies that may favor seedling establishment under nutrient-poor
environments subjected to alternating periods of water deficit and soil saturation.

However, prolonged flooding induced chlorosis, necrosis, leaf abscission, and 66.7%
mortality after 100 days, indicating that tolerance to soil saturation has physiological limits
under extended stress conditions. Although biomass responses alone did not fully reflect
these effects, reduced survival under prolonged flooding highlights the importance of
considering multiple indicators of stress tolerance during early establishment.

Overall, this study contributes to understanding the regeneration ecology of an en-
demic Amazonian tree species and highlights the role of functional plasticity in seedling
establishment within white-sand ecosystems. These findings may also support future
studies on conservation and restoration strategies for Amazonian campinarana vegetation.
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