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1. Introduction

World climate change has affected soil water 
availability in several regions, especially in tropical and 
subtropical regions (Saud et al., 2014; Fei et al., 2017). 
Water deficit is a limiting factor for the initial growth 
and development of plants, which can impair their 
physiological and biochemical processes (Saud et al., 2014). 
Moreover, water deficit reduces the water and osmotic 
potential, decreasing hydraulic resistance in the xylem 
vessels as well as cell turgor, thus compromising the 

photosynthetic capacity (Ahmed et al., 2013; Nunes et al., 
2019).

In this context, the search for techniques to mitigate 
water deficit damage in tree seedlings has increased. 
In recent years, silicon (Si) has gained prominence 
in terms of its potential to mitigate multiple abiotic 
stresses, especially water deficit, in different crop species 
(Adrees et al., 2015; Rizwan et al., 2015; Wang et al., 2017). 
However, reports on tree species are scarce.
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Resumo
O déficit hídrico vem ocasionando sérios problemas no crescimento e desenvolvimento das plantas, fazendo com 
que ocorram danos no seu metabolismo. Assim, faz necessário o uso de agentes que possam mitigar os danos 
ocasionados nas plantas. Objetivamos neste estudo verificar o potencial do silício de mitigar os efeitos estressantes 
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0.75 mL de Si e (IV): Déficit hídrico + 1.50 mL de Si. As mudas foram avaliadas em quatro períodos: (1) (T0 – tempo 
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fotossintética nas mudas sob suspensão da irrigação chegaram próximos à zero, quando ocorreu a retomada da 
irrigação; (3) (REC) quando os valores de A alcançaram valores próximos ao das mudas sob irrigação contínua, 
caracterizando o período de recuperação e (4) (FINAL) 45 dias após a REC quando as mudas foram mantidas sob 
irrigação contínua, semelhante ao controle. A aplicação de 0.75 mL de Si alivia os danos ao aparato fotossintético 
das mudas de D. alata por maior período sob déficit hídrico, e contribui na recuperação fisiológica de maneira mais 
rápida após a retomada da irrigação. As mudas de D. alata apresentam potencial de recuperação após o período 
de estresse, independente da aplicação de Si.
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in 8-L plastic pots filled with Dystroferric Red Latosol + 
coarse sand (3:1, v/v). The seeds were irrigated daily at 
70% of the water holding capacity for 75 days, moment 
when the seedlings presented an average height of 20 cm.

2.2. Experimental design

The seedlings were separated into four groups based 
on the following water regimes: R1) Continuous irrigation 
– I: 75% of the substrate water holding capacity was 
maintained using the gravimetric method (Souza et al., 
2000); R2) Water deficit – II, characterized by suspension 
of irrigation; R3) Water deficit II + 0.75 mL Si; R4) Water 
deficit II + 1.50 mL Si. Silicon was applied in the morning 
via foliar spraying until dripping (20 mL per plant), and 
seedling irrigation was suspended on the same day.

The silicon used consisted of the foliar fertilizer Sifol®, 
which is a source of silicon and potassium, with 12% of 
its weight containing 168 g/L Si and 15% of its weight 
containing 210 g/L K2O. The product is fluid-type and 
has an electrical conductivity of 2.93 mS cm-1, density of 
1.40 g L-1, and pH 10.96. The K values according product 
doses were balanced. 

The seedlings were evaluated in four periods: (1) (T0 – 
time zero) at the beginning of the experiment, before 
irrigation suspension; (2) (P0) when the photosynthetic 
rates of seedlings under irrigation suspension reached 
values close to zero, period in which irrigation was 
resumed; (3) (REC) when A reached values   close to those 
of seedlings under continuous irrigation, characterizing 
the recovery period; and (4) (END) 45 days after REC, 
when seedlings were kept under continuous irrigation, 
similar to the control.

The experimental design was completely randomized 
with treatments arranged in a subplot scheme. The plots 
consisted of the combination of water regimes with silicon, 
and the subplots consisted of the four evaluation periods. 
The experiment had three replicates, with two plants per 
pot in each experimental unit.

2.3. Characteristics evaluated

a) Gas exchange: photosynthetic rate (A; μmol CO2 
m2 s-1), stomatal conductance (gs; mol H2O m-2 s-1), 
intercellular CO2 concentration (Ci; μmol CO2 m

2 s-1), 
and leaf transpiration rate (E; mol H2O m-2 s-1) were 
quantified using an infrared gas analyzer - IRGA (ADC, 
LCi PRO; Analytical Development Co. Ltd., Hoddesdon, 
UK). From these data, Rubisco carboxylation efficiency 
(A/Ci; μmol CO2/mmol H2O) and water use efficiency 
(WUE; μmol CO2/mmol H2O) were calculated. Evaluations 
were conducted between 8 and 11 a.m., selecting four 
previously marked seedlings per treatment;

b) Chlorophyll a fluorescence: readings were taken 
between 8 and 11 a.m., subjecting the leaves to a dark 
condition for 30 minutes. The procedure included the 
use of adapter clips so that all reaction centers had an 
“open” configuration, indicating complete oxidation 
of the photosynthetic electron transport system. After 
this period, initial (F0) and maximum fluorescence 
(FM) of chlorophyll a, potential quantum efficiency of 
photosystem II (FV/FM), absorbed energy conversion 

Silicon is a beneficial nutrient for plant development. 
The element plays an important role in photosynthetic 
metabolism and morphoanatomical aspects (Liang et al., 
2015a), as it increases the cell wall rigidity and mechanical 
resistance of plants (Kim et al., 2016). Furthermore, Si can 
increase the activity of antioxidant enzymes capable of 
reducing reactive oxygen species (ROS) (Torabi et al., 2015; 
Tripathi et al., 2017), relieving oxidative stress.

Among the species of socioeconomic and environmental 
importance, baru (Dipteryx alata Vogel., Fabaceae) is a tree 
fruit species native to central Brazil. It occurs in areas 
of Cerrado and Cerradão, in the transition between the 
biomes atlantic forest and Cerrado (Honorio et al., 2019). 
The Cerrado, located in the central region of Brazil, is 
characterized by vegetation that range from grasslands, 
savanna, and forest formations (Capuzzo et al., 2012). It is 
also considered as a big biodiversity center and one of the 
world hotspots (Costa et al., 2015a). The species grows 
mostly in well-drained soils and has commercial value 
due to the use of its wood in civil construction and its 
fruits in the preparation of candies, jellies, or consumed 
in natura (Costa et al., 2015b). The species has also a great 
importance to traditional peoples and communities of 
the Cerrado, since the extractivism of the baru nut helps 
them to generate income and it can promote the Cerrado 
conservation (Arakaki et al., 2009; Santos et al., 2012; 
Freitas et al., 2018).

Its seedlings can be used in the recovery of degraded 
areas and for the enrichment of native forests or 
agroforestry systems. However, this species is explored 
in native areas, and information on its biology and 
management for sustainable use is scarce (Ajalla et al., 
2012), which makes it an endangered species due to 
predatory extraction (Honorio et al., 2019).

In this study, we hypothesized that water deficit impairs 
the photosynthetic metabolism and the growth of seedlings 
of this species, but foliar application of silicon can help 
to alleviate stress and maintain metabolic stability and 
seedling quality.

This study assesses the potential of silicon to mitigate 
the effects of water deficit, to stabilize the photosynthetic 
metabolism and growth of D. alata seedlings, and to help 
in their recovery after the resumption of irrigation.

2. Materials and Methods

2.1. General conditions

We conducted the experiment from November 2019 to 
January 2020 at the Faculty of Agricultural Sciences of the 
Federal University of Grande Dourados (UFGD), in Dourados 
city, Mato Grosso do Sul (MS) State, Brazil. The experiment 
took place in a nursery under 30% shading, using a black 
nylon mesh (Sombrite®) with an additional plastic top 
and side cover to protect against rainfall.

Ripe D. alata fruits were collected from several matrices 
in the Cerrado area, in the region of the Itamarati settlement 
(22º 11’ 24.731” S and 55º 35’ 37.370” E), in Ponta Porã 
city, Mato Grosso do Sul State. The fruits were manually 
processed, and the extracted seeds were sown directly 
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efficiency (FV/F0), and basal quantum production of 
nonphotochemical processes (F0/FM) were measured 
using a portable chlorophyll fluorometer model OS-30p 
(Opti-Sciences, Hudson, USA);

c) Chlorophyll index: determined using a Soil Plant Analysis 
Development (SPAD-502) portable chlorophyll meter 
(Konica-Minolta, Tokyo, Japan). Readings were taken 
in the morning, using fully expanded leaves from the 
middle third;

d) Leaf relative water content (RWC; %): determined 
according to methodology the Slavick (1979);

e) Plant growth: leaf area (cm2) was determined with a 
LI-COR® leaf area integrator (LI 3100, Nebraska – USA). 
Seedling quality index was calculated according to 
Dickson et al. (1960).

2.4. Statistical analysis

Data were subjected to analysis of variance (ANOVA). 
Significant means (F test, p < 0.05) as a function of water 
regimes, evaluation periods, and interactions were 
submitted to the Tukey test (p < 0.05) using the statistical 
program SISVAR 5.3 (Ferreira, 2019).

3. Results

The significant interaction of treatments, here 
represented association water regimes and silicon for the 
characteristics of A, Ci, E, gs, A/Ci, WUE, F0/FM, F0 and RWC, 

while FV/FM, FV/F0 and DQI were influenced by the factors 
alone (Table 1). The SPAD index was not influenced by the 
factors under study.

During the suspension of irrigation, D. alata seedlings 
under water deficit treated with 1.50 mL Si reached 
P0 (0.59 μmol CO2 m

-2 s-1) at 16 days, while seedlings grown 
without Si and with 0.75 mL Si reached P0 at 18 and 20 days 
of water restriction, with values   of 0.43 and 0.48 μmol 
CO2 m

-2 s-1, respectively (Figure 1).

Table 1. Analysis of variance (ANOVA) results to test the effect of Silicon on water deficit during the evaluation periods and its interaction 
in D. alata seedlings.

Characteristics
Treatments Evaluation periods (EP) Interaction (T x EP)

F P F p F P

A 24.058 <0.0001 151.183 <0.0001 17.088 <0.0001

Ci 5.021 0.0041 10.233 <0.0001 3.685 0.0014

E 8.496 <0.0001 70.800 <0.0001 4.985 <0,0001

gs 22.620 <0.0001 112.781 <0.0001 7.827 <0.0001

A/Ci 17.904 <0.0001 102.788 <0.0001 11.820 <0.0001

WUE 4.571 0.0068 14.834 <0.0001 7.976 <0.0001

FV/FM 2.986 0.0456 12.033 <0.0001 1.338 0.2568

F0/FM 6.564 0.0014 41.365 <0.0001 3.101 0.0086

FM 0.721 0.5466 21.521 <0.0001 0.406 0.9228

FV/F0 5.694 0.0030 46.945 <0.0001 1.700 0.1299

SPAD 1.301 0.2910 2.308 0.0952 0.620 0.7711

Leaf Area 1.209 0.3222 17.939 <0.0001 0.447 0.8988

RWC 1.331 0.2752 36.238 <0.0001 3.137 0.0047

DQI 5.398 0.0040 5.164 0.0050 0.983 0.4727

Note: treatments with water suspension + Silicon, in D. alata seedlings produced under different water regimes (I: Irrigated; II: combined 
intermittent irrigation without and with 0.75 and 1.50 mL Si) at different evaluation times (T0: time zero; P0: photosynthesis close to zero; 
REC: recovery: END: end of evaluations). Photosynthetic rate - A, intracellular CO2 concentration - Ci, transpiration - E, stomatal conductance 
- gs, Rubisco intrinsic carboxylation efficiency - A/Ci, water use efficiency - WUE; Potential quantum efficiency of photosystem II - FV/FM, 
basal quantum production of non-photochemical processes - F0/FM, maximum chlorophyll-a fluorescence - FM, absorbed energy conversion 
efficiency - FV/F0, initial fluorescence - F0; Soil Plant Analysis Development – SPAD; Leaf Area, Relative Leaves Water Content - RWC and 
Dickson Quality Index - DQI.

Figure 1. Dynamics of photosynthesis (A) in D. alata seedlings 
produced under different water regimes (I: Irrigated; II: combined 
intermittent irrigation without and with 0.75 and 1.50 Si) in 
different evaluation periods (T0: zero time; P0: photosynthesis 
close to zero; REC: recovery: END: end of evaluations).
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In the REC, seedlings treated with Si had A values   
close to those of the control seedlings 11 days after the 
resumption of irrigation (27th day of the experiment), 
while untreated seedlings only recovered 15 days after the 
resumption of irrigation (31st day). In the END stage, all 
seedlings presented A values   similar to those of the control 
seedlings, end untreated seedlings took 4 days longer to 
recover in relation to those treated with Si.

At 16 days of water suspension, D. alata seedlings 
grown with 1.50 mL Si reached a photosynthetic rate (A) 
of 0.59 μmol CO2 m

-2 s-1 at P0 (Figure 2a). In turn, those 
grown with 0.75 mL Si maintained higher values   of A 
(2.93 μmol CO2 m

-2 s-1), although they did not differ from 
seedlings under water deficit grown without Si in the 
same period. These values   did not vary as a function of Si 
doses in the REC and END stages.

In the P0 stage, seedlings grown with 1.50 mL Si had 
higher intercellular CO2 concentration (Ci) (311.25 μmol 
CO2 m

-2 s-1) and lower Rubisco carboxylation efficiency 
(A/Ci) (0.002 μmol CO2 m-2 s-1), while seedlings that 
received 0.75 mL Si had better results. In the REC and 
END stages, the values   of these variables were similar 
between treatments regardless of silicon use and water 
regimes (Figure 2b and 2e).

During P0, seedlings under water deficit had lower 
transpiration values   (E), regardless of Si use (Figure 2c). 
In the END stage, in turn, seedlings grown with 0.75 mL Si 
had lower E (2.54 mmol m-2 s-1). Moreover, seedlings grown 
under water deficit had lower gs during P0, regardless of 
Si use. During REC, seedlings that received 0.75 mL Si had 
gs values   similar to those of control seedlings (Figure 2d).

Seedlings under water deficit grown without Si and 
with 0.75 mL Si had higher WUE values   (1.83 and 1.67 μmol 
CO2 m

-2 s-1, respectively) in P0, differing from those that 
received 1.50 mL Si in the same period of evaluation. During 
REC, the values   of treated seedlings were similar to those 
of control seedlings. In the END stage, seedlings grown 
with 0.75 mL Si had higher WUE (3.12 μmol CO2 m

-2 s-1) 
(Figure 2f).

Seedlings under water deficit grown without Si had 
lower potential quantum efficiency of photosystem II 
(FV/FM) (0.740). However, the application of 0.75 mL Si 
increased FV/FM (0.761) which did not differ from the 
control seedlings (Figure 3a). During P0, the FV/FM value 
was reduced (0.723) (Figure 3d). After the reestablishment 
of irrigation in (REC and END) the plants were able to 
normalize their photochemical activity, where they reached 
a value higher than the control.

Figure 2. Photosynthetic rate – A (a), intracellular CO2 concentration – Ci (b), transpiration – E (c), stomatal conductance – gs (d), intrinsic 
Rubisco A/Ci carboxylation efficiency (e) and efficiency of water use – WUE (f) in D. alata seedlings produced under different water 
regimes (I: Irrigated; II: combined intermittent irrigation without and with 0.75 and 1. Si) in different evaluation periods (T0: zero 
time; P0: photosynthesis close to zero; REC: recovery: END: end of evaluations). Capital letters compare water regimes within each 
assessment period (Tukey; p < 0.05); Lowercase letters compare the evaluation periods within each water regime. (Tukey; p < 0.05).
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The highest values of absorbed energy conversion 
efficiency (FV/F0) were observed in control seedlings 
cultivated under continuous irrigation and in those 
produced with 0.75 mL of Si with values of (4.22 and 3.99) 
(Figure 3b). During P0, the stressed seedlings presented a 
lower value of (FV/F0) (3.85), after reirrigation, the seedlings 
recovered (REC) the value of FV/F0, where they did not 
differ from the seedlings of the initial time (Figure 3e).

During P0, the F0/FM ratio and F0 values were higher 
in seedlings grown without Si, and lower in seedlings 
treated with 0.75 mL Si  (Figure 3c and 3f). In the REC and 
END stages, the values   of previously stressed seedlings 
remained close to those of control seedlings and seedlings 
treated with Si.

The stressed seedlings showed higher Fm values in the 
(END) evaluations with a mean (0.197) (Figure 3g). After 
irrigation was resumed (REC and END), previously stressed 
D. alata seedlings recovered.

The leaf area   of seedlings under water deficit did not 
vary from that of control seedlings as a function of Si 
application in any of the evaluation periods (Figure 4a), 
averaging 209.32 cm2. As for WRC, seedlings under water 
deficit grown without Si and with 1.50 mL Si had lower 
values, while those treated with 0.75 mL Si (68.16%) did 
not differ from control seedlings (Figure 4b). In the REC and 
END stages, the RWC   of all seedlings were similar and did 
not vary between treatments. This demonstrates recovery 
of this characteristic after the resumption of irrigation.

Figure 3. Potential quantum efficiency of photosystem II - FV/FM (a and d), absorbed energy conversion efficiency - FV/F0 (b and e), basal 
quantum production of non-photochemical processes - F0/FM (c), maximum chlorophyll-a fluorescence - FM (f) and initial fluorescence 
- F0 (g) in D. alata seedlings produced under different water regimes (I: Irrigated; II: combined intermittent irrigation without and 
with 0.75 and 1.50 Si) in different evaluation periods (T0: time zero; P0: photosynthesis close to zero; REC: recovery: END: end of 
evaluations). Capital letters compare water regimes within each assessment period (Tukey; p < 0.05); Lowercase letters compare the 
evaluation periods within each water regime. (Tukey; p < 0.05).
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The seedlings treated with Si had Dickson quality 
index (DQI) values that did not differ statistically from 
the control seedlings during their evaluation, and lower 
values in the seedlings without Si (Figure 4c). During P0, 
the DQI value was lower under stress conditions, after 
reirrigation in the REC and END period, all seedlings had 
similar values of DQI (Figure 4d).

4. Discussion

We accept the hypotheses that water deficit changes the 
light energy absorption capacity and gas exchange of D. alata 
seedlings, and that seedlings under deficit water treated 
with silicon, especially at a dose of 0.75 mL, have better 
physiological and initial growth performance (Table 1).

D. alata seedlings were sensitive to water deficit since 
low water availability caused several physiological damages 
to the plants, reducing tissue relative water content and 
stomatal conductance (gs). This negatively affected gas 
exchange, increasing Ci and reducing CO2 assimilation rate, 
thereby reducing A/Ci. This behavior may be due to the 
increased production of reactive oxygen species, which 
were not presented in this study. According to the literature, 
reactive oxygen species compromise the integrity of the 
photosynthetic apparatus (Pereira et al., 2012; Vítolo et al., 
2012). When used in adequate doses (here represented 
by the dose of 0.75 mL), silicon alleviated the effects of 
water deficit in the seedlings, minimizing damage to 
the photosynthetic apparatus. In addition, during REC, 

seedlings treated with 0.75 mL Si had faster A recovery 
than the seedlings of other treatments.

We emphasize that the dose of 0.75 mL contributed to 
the reduction of A to be smaller under water deficit. This 
demonstrates the potential of this element as a water stress 
mitigating agent, provided that it is applied in adequate 
doses. Silicon increases the ability to scavenge reactive 
oxygen species by regulating the activity of antioxidant 
defense enzymes in plants under abiotic stresses (Kim et al., 
2016; Tripathi et al., 2017). This reduces oxidative damage 
and favors membrane integrity (Maghsoudi et al., 2016) as 
well as leaf metabolism (Shi et al., 2016) in different species 
such as Solanum lycopersicum and Triticum aestivum L.

Other authors mention the beneficial effects of silicon 
on photosynthesis for different species under drought, 
suggesting that Si can improve the water status of plants 
(Zhu and Gong, 2014; Etesami and Jeong, 2018). Although 
leaf RWC decreased at times of greater water deficit (P0) 
in D. alata seedlings, with the resumption of irrigation 
seedlings treated with Si recovered turgor with significantly 
higher values   in relation to seedlings grown without Si.

The faster and more accentuated reduction of A with 
1.50 mL Si possibly indicates a stressed effect, which was 
confirmed by some of the chlorophyll a fluorescence 
parameters under study. Moraes et al. (2011) treated 
sugarcane with increasing doses of potassium silicate 
and observed that foliar application of doses higher 
than 40 g L-1 caused a phytotoxic effect for the species, 
reducing leaf area.

Figure 4. Leaf area (a), relative water content of WRC leaves (b) and Dickson quality index DQI (c and d) in D. alata seedlings produced 
under different water regimes (I: Irrigated; II: combined intermittent irrigation without and with 0.75 and 1.50 of Si) in different 
evaluation periods (T0: time zero; P0: photosynthesis close to zero; REC: recovery: END: end of evaluations). Capital letters compare 
water regimes within each assessment period (Tukey; p < 0.05); Lowercase letters compare the evaluation periods within each water 
regime (Tukey; p <0.05).
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The application of 0.75 mL Si has promoted numerically 
higher values   of A, E, gs, and A/Ci in relation to the application 
of 1.50 mL Si. However, we suggest that Si contributed 
little to the maintenance of gas exchange during the stress 
period (P0), as treated plants did not differ statistically 
from plants that did not receive fertilizer.

We emphasize that even with little contribution to 
P0, the application of 0.75 mL Si contributed positively 
to the increase of gs and WUE in the REC and END stages, 
respectively. This indicates the prolonged effect of this 
element on leaf metabolism and its water relationships. 
The fact that D. alata seedlings respond poorly to silicon 
may be due to the ability of this species to accumulate 
Si. Most studies in the literature address Si-accumulating 
plants, while fewer studies address non-Si-accumulating 
plants (Zhang et al., 2018). The results of the present study 
indicate that Si can mitigate the deleterious effects of 
water stress in non-Si-accumulating plants.

Moreover, the literature shows positive results of Si 
application in increasing gas exchange in Glycine max L., 
Triticum aestivum L., and Oryza sativa L. (Shen et al., 2010; 
Gong and Chen, 2012; Song et al., 2014). These results 
differ from those of the present study in D. alata seedlings, 
suggesting the need for more studies with tree species.

Chlorophyll a fluorescence parameters such as Fv/FM 
and Fv/F0 decreased in D. alata seedlings during water 
deficit (P0). Song et al. (2014) state that the decrease in 
photochemical efficiency of photosystem II under water 
restriction may be due to the reduction in chlorophyll 
content. Other species, such as Jatropha curcas L. 
(Moura et al., 2016), Hymenaea courbaril L. (Freitas et al., 
2018) and Campomanesia xanthocarpa (Mart.) O. Berg 
(Bartieres et al., 2021) also showed a reduction in Fv/FM 
and Fv/F0 when grown under water deficit.

Silicon application, especially at the dose of 0.75 mL Si, 
contributed to the stability of the photochemical processes 
of photosynthesis, as it alleviated the negative effects 
of water deficit. Similarly, tomato seedlings (Solanum 
lycopersicum L.) (Zhang et al., 2018) had better results when 
treated with silicon even during water deficit.

Silicon improves physiological functions in plants 
and regulates the positive distribution of minerals in 
leaves, stems, and roots. It may further protect plants 
from water stress while decreasing the production of 
ROS, which in turn reduces the oxidative stress of plants, 
as already reported for some species (Tripathi et al., 
2016; Hasanuzzaman et al., 2017; Tripathi et al., 2017). 
Furthermore, silicon increases water absorption by the 
roots (Liu et al., 2014) and stimulates the accumulation of 
osmolytes (Ming et al., 2012). However, it is noteworthy 
that most of these responses occurred in grasses that are 
Si-accumulating species (Zhu and Gong, 2014).

The higher yields of nonphotochemical processes (F0/FM) 
and F0 in seedlings under water deficit grown without Si 
and with 1.50 mL Si are due to the low use of light energy 
by the plants, which compromised the transfer of electrons 
to the center of reaction. The increase in these variables 
indicates a stressful condition, reducing photochemical 
activities (especially Fv/FM and gas exchange) in D. alata 
seedlings. These damages in PSII activities affect the 
photosynthetic capacity (A) of plants due to the reduction 

of leaf water potential (Cruz et al., 2009), interfering 
with seedling quality (DQI). Silicon application favored 
photochemical stability by promoting membrane integrity 
and decreasing its permeability (Liang et al., 2015b). 
Kim et al. (2017) report that by modulating antioxidant 
defense systems, Si can also alleviate oxidative stress in 
plants under adverse conditions.

The reduction in leaf area of D. alata seedlings during 
P0 indicates that the time that the plants were subjected 
to stress negatively affected the absorption of light and, 
consequently, the metabolic and physiological functions of 
the plants under water stress conditions. After rehydration, 
the leaf area was established, causing the resumption of 
metabolic and physiological activities of the seedlings.

Stability in the leaf area (LA) of   D. alata seedlings 
under all water regimes in P0 is due to the fact that this 
species has a slow initial growth, and the time in which 
the seedlings were subjected to stress was not enough for 
an increase in this variable.

The same responses for LA were observed in seedlings 
of Schinus terebinthifolia Raddi (Beltramin et al., 2020), 
Cedrela odorata L. (Silva et al., 2021), and Campomanesia 
xanthocarpa O. Berg. (Santos et al., 2021), where these 
species had reduction in LA under low water availability.

Although growth characters did not decrease, seedlings 
grown without Si and with 1.50 mL Si had lower RWC. 
This demonstrates the sensitivity of the species to these 
growing conditions. The lowest values of this variable   
indicate loss of turgor, negatively affecting the production 
of photoassimilates. However, the dose of 0.75 mL Si 
contributed to the maintenance of RWC and greater 
WUE, especially in the P0 and END stages, consequently 
stabilizing other metabolic processes.

As in the literature, the present study proved in D. alata 
that low water availability in the substrate negatively 
affects the leaf water potential (Cruz et al., 2009), this 
impairs metabolic processes, decreasing the production 
of photoassimilates and reducing initial growth, thereby 
reducing seedling quality (DQI). However, Si contributes 
to the osmotic adjustment and water potential gradient 
(Sonobe et al., 2010; Chen et al., 2018). The element is 
deposited in the form of amorphous silica, forming a 
protective barrier over the stomatal pore (Ahmed et al., 
2013; Fátima et al., 2019). Thus, even under water deficit, 
the application of 0.75 mL Si regulated seedling growth, 
both in P0 and in REC. This is because Si reduces tissue 
lignification and can facilitate cell wall loosening and 
extensibility as well as increase plant growth under stress 
conditions (Maksimović et al., 2007).

We emphasize that after the resumption of irrigation 
(REC) until the END stage, D. alata seedlings previously 
subjected to water deficit presented values   of all 
characteristics under study similar to those of control 
seedlings, regardless of Si application. This behavior 
suggests that this species has physiological plasticity, which 
is an important and desirable response since the species 
occurs in areas under stress conditions caused by large 
variations in temperature, water, and light availability.

We therefore suggest that D. alata seedlings have a 
high resilience capacity due to physiological plasticity. 
This behavior is important in projects for the recovery 
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of degraded areas since anthropized areas usually show 
fluctuations in terms of soil water availability, and this 
resilience contributes to the potential for survival of this 
species.

5. Conclusions

Application of 0.75 mL Si alleviates damage to the 
photosynthetic apparatus of D. alata seedlings that remain 
longer under water deficit, and contributes to faster 
physiological recovery after the resumption of irrigation. 

D. alata seedlings have recovery potential after the 
stress period, regardless of Si application.
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