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1. Introduction’

The Brazilian Atlantic Rainforest, one of the world’s 
largest centers of biodiversity, has been increasingly 
impacted by forest degradation, habitat fragmentation and 
loss of forest cover as a result of anthropogenic disturbances. 
The production and planting of native tree seedlings has 
been widely used in the Brazilian Atlantic Rainforest 

to help restore degraded habitats (Silva et al., 2017). 
Due to environmental variations in terms of water, 
nutrition and light availability, production of high-quality 
seedlings of native tree species is essential to guarantee 
plant establishment for restore forest degraded areas 
(Harrison et al., 2008; Haase and Davis, 2017).

Seedling quality depends on the genetic sources and 
management procedures in the nursery. Root deformation 
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Resumo
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(RD) diminishes seedling quality, reducing survival 
and growth in the field (Lindström and Rune, 1999). 
In container-grown seedlings, RD often occurs because 
errors that occur when seedlings are transferred from 
the seedbed to the containers in the nursery, a process 
known as pricking out (Wightman, 1999; Jaenicke, 1999; 
Hall, 2003; Dumroese et al., 2009; Gregorio et al., 2010; 
Wilkinson et al., 2014). RD caused by errors in the 
pricking out process are irreversible and very difficult 
to detect in container-grown seedlings, even at the time 
of planting in the field. The deleterious effects of RD 
incurred due to errors in the pricking out process have 
been described in some cultivated tree species, such as 
Coffea arabica (Mesquita et al., 2016) and Ilex paraguariensis 
(Medrado et al., 2002), but studies of how this damage 
affects the physiological performance of plants are lacking. 
Also, we are aware of no studies quantifying the effects of 
this type of RD on physiology and growth of tropical tree 
seedlings subjected to soil flooding.

Soil flooding decreases the availability of oxygen in the 
soil, leading to conditions of hypoxia or anoxia, which affects 
the soil redox potential (Eh) (Pezeshki and DeLaune, 2012). 
When oxygen content in the root zone is low, such as when 
roots are flooded for a specific length of time, there is a 
decrease in water and nutrient absorption and transport 
in plants as a result of an inhibition of root respiration and 
root damage (Martínez-Alcántara et al., 2012). This root 
damage may decrease root and stem hydraulic conductivity 
and inhibit leaf gas exchange (Drew, 1997). Flood-tolerant 
tree species have physiological, anatomical and/or 
morphological adaptations to flooding stress (Kozlowski, 
2002). For example, tree seedlings tolerant to soil flooding 
often develop adventitious roots, hyperthophied stem 
lenticels, and/or a proliferation of aerenchyma in the xylem, 
which allow the exchange of gases between the roots 
and the atmosphere (Larson et al., 1993; Wang and Cao, 
2012). In addition, flood-tolerant tree seedlings maintain 
relatively high rates of net photosynthesis, allowing 
carbon uptake and maintenance of growth under flooded 
soil conditions (Mielke et al., 2003; Dalmolin et al., 2013; 
Argus et al., 2015). Such changes allow these species to 
survive for long periods when their roots are submerged 
(Mielke et al., 2003). Despite the ability of some tree 
seedlings to survive soil flooding, physiological and growth 
responses after soil drainage are very variable among 
species (Ortuño et al., 2007; Mielke and Schaffer, 2010; 
Queiroz-Alves et al., 2019).

The absorption and transport of mineral nutrients in 
plants occurs mainly through mass flow and depends 
on the water potential gradient from leaves to the roots 
generated by transpiration and efficiency in the xylem 
hydraulic conductivity (Nobel, 2009). Thus, changes 
in the stomatal conductance to water vapor (gs) and 
transpiration (E) in plants subjected to soil flooding can 
cause insufficient transport of nutrients from the roots to 
the leaves, resulting in deficiencies of N and P (Kreuzwieser 
and Gessler, 2010), which are involved in the photosynthetic 
process (Nobel, 2009; Marschner, 2012). In plants, the cost 
of absorption and storage of mineral nutrients in organic 
molecules is highly nutrient dependent. Whereas P and 
K can be stored in the cell in inorganic forms, N is stored 
as amino acids or proteins, requiring higher metabolic 

costs (Chapin III et al., 1990). In flooded soils, a decrease 
in Eh may favor the reduction of Fe3+ and Mn4+ oxides and 
the release of cations (e.g., P, Mg and K) adsorbed on the 
surface of the oxides, contributing to an increase of some 
nutrients in the soil solution (Vahl, 1991). Despite the 
higher availability of some nutrients in flooded soils, 
nutrient deficiency in flooded plants is associated with 
lower energetic load (less ATP) produced when aerobic 
root metabolism shifts to the anaerobic fermentation 
pathway, accumulation of toxic substances, and reduction 
of the absorption surface caused by root death (Drew, 
1997; Kozlowski, 2002).

Genipa americana L., Rubiaceae, is a tropical tree 
species native to Brazil, found in coastal areas of humid 
and subtropical climates (Andrade et al., 1999). It easily 
adapts to various types of climates and soils and is 
considered a flooded-tolerant species (Andrade et al., 1999; 
Mielke et al., 2003; Lavinsky et al., 2007). Due to its tolerance 
to soil flooding, G. americana has been recommended 
for restoration of riparian forests (Mielke et al., 2003). 
Although G. americana seedlings are tolerant of soil flooding, 
there are no studies reporting physiological, growth and 
nutritional responses of this species after soil drainage. 
The objective of this study was to evaluate the effects of 
RD on leaf gas exchange, growth, biomass allocation and 
mineral nutrition of G. americana seedlings during the 
recovery phase after soil flooding. The hypothesis tested 
was that RD and soil flooding have interactive effects on leaf 
gas exchange, growth, biomass allocation and absorption 
and distribution of nutrients in G. americana seedlings.

2. Material and Methods

2.1. Study site and plant material

This study was conducted at the Universidade Estadual 
de Santa Cruz (UESC) located in Ilhéus, Bahia, Brazil 
(39°13’59”O; 14°45’15”S). The seeds were obtained from 
fruit purchased at fairgrounds in the municipalities of 
Buerarema (39°18’00”W, 14°57’32”S) and São José da 
Vitória (39°20’20”W, 15°05’W’02”S), Bahia, Brazil. The fruit 
were manually pulped and washed in running tap water. 
After washing, the seeds were dried in the shade on paper 
towels for 24 hours, and then germinated in seedbeds for 
55 days. One hundred seedlings, four centimeters in length 
with cotyledon leaves fully expanded, were transferred 
from the seedbeds to 1.5-L plastic bags containing forest 
soil as a substrate. At the time of pricking out, two 
root conditions were induced: normal roots (control 
treatment) (Figure 1A) and deformed roots (RD treatment) 
(Figure 1B and 1C). RD was induced manually in 50% 
of the seedlings by creating a plant hole with a depth 
that was 50% shallower than the total root length in the 
substrate. In the control treatment, root holes were dug 
in the substrate to a depth that was a little deeper than 
the total root length. The plastic bags were then placed 
in solid PVC tubes (100 mm diameter × 250 mm height), 
with two opposite holes at the bottom to allow water 
drainage. One seedling per plastic bag was placed in 
each PVC tube. The experiment was started 129 days (or 
about four months) after the seedlings were transferred 
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from seedbeds to the plastic bags (pricking out process). 
At that time, the holes at the bottom of PVC tubes were 
capped using rubber stoppers and 50% of the seedlings in 
the control treatment and 50% of the seedlings in the RD 
treatment were flooded using tap water. The remaining 50% 
of the seedlings in each root treatment were not flooded. 
Soil flooding lasted 42 days. At the end of the flooding 
period, 50% of the flooded and 50% of the non-flooded 
seedlings were harvested. At that time, the water of the 
flooded plants was drained, and a second evaluation was 
performed at 28 days after drainage (recovery).

2.2. Soil analysis

The soil analysis was conducted in the Plant Soil 
Analysis Laboratory of the Centro de Pesquisas do Cacau 
(CEPEC/CEPLAC), Ilhéus, BA, Brazil. Soil pH was 5.8, the 
cation exchange capacity (CEC) was 19.3 cmolc/dm3, soil N 
content was 3.5 g dm-2, P content was 51 mg kg-1, K content 
was 0.52 cmolc/dm3, and Mg content was 3.5 cmolc/dm3.

2.3. Soil redox potential and microclimate

At the time of seedling planting in plastic bags, one 
access PVC tube with a 15 mm diameter and 200 mm in 
length was inserted into the middle third of the substrate 
of 18 bags with seedlings, nine in the RD treatment and 
nine in the control treatment. The bottom half of each 
access tube had a perforations allowing it to be filled with 
the substrate solution. The sensor for soil redox potential 

(Eh) measurements was inserted into the access tubes. 
Soil Eh was measured weekly with a pH/ORP Meter 8651 
(AZ Instrument Corp., Taiwan, China) at 2, 7, 14, 30 and 
40 days after soil flooding. Air temperature and relative 
humidity (RH) were monitored inside the nursery with a 
Hobo Pro V2 Data Logger sensor (Onset Computer, Bourne, 
Massachusetts, USA). From the air temperature and RH 
the air vapor pressure deficit was calculated. During 
the experiment, the mean day and night temperatures 
were 27.7 °C and 23.0 °C, respectively. The mean daily 
and mean maximum vapor pressure deficit was 0.81 kPa 
and 2.15 kPa, respectively.

2.4. Leaf gas exchange

Net photosynthesis (A) and stomatal conductance to 
water vapor (gs) were measured in nine plants (replicates) 
per treatment combination at the end of each period 
(flooding and recovery periods) with a Li-6400XT infrared 
gas analyzer (Li-Cor, Lincoln, Nebraska, USA) equipped with 
a 6400-02B artificial light source. Measurements were made 
on a mature and completely expanded leaf, always between 
8 and 11h. The measurements were done under artificial 
photosynthetically active radiation (PAR) of 1000 μmol 
photons m-2 s-1 at the adaxial leaf surface and a reference 
CO2 concentration of air flowing into the leaf cuvette of 390 
± 10 μmol CO2 mol-1 air. During the measurements, the leaf 
chamber temperature was maintained at 28 ± 1 °C and the 
relative humidity 65 ± 5%.

Figure 1. Four months old seedlings of G. americana without (A) and with (B) root deformation (RD) caused by errors in the pricking 
out process, and a detail of the RD (C).
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2.5. Plant growth

At the beginning of the experiment, the dry mass of roots 
(RDM), stems (SDM), leaves (LDM) and total leaf area (LA) 
were measured for nine plants with and without RD. At the 
end of flooding and recovery periods, the same variables 
were measured for nine plants per treatment combination. 
For dry mass determination, plants were harvested, washed, 
separated into root, stem and leaves and dried in a forced 
ventilation oven at 50 °C to a constant mass. Total plant dry 
mass was calculated by summing RDM, SDM and LDM for 
each seedling. The LA of each plant was measured with an 
LI-3100 leaf area meter (Li-Cor, Lincoln, Nebraska, USA). 
From these values, the following variables were calculated 
according Hunt (2017): leaf area ratio (LAR = LA/TDM), 
relative growth rate [RGR = (1nTDM1 - 1nTDM0)/t] and 
net assimilation rate [NAR = (TDM1 - TDM0)/(LA1-LA0) × 
(lnLA1-lnLA0)/t], where TDM1 and TDM0 are total dry mass 
at end of experiment and initial total dry mass; LA1 and 
LA0 correspond to the final and initial total leaf areas. We 
also calculated the leaf area to root dry mass ratio (LA/
RDM) and the root dry mass to shoot dry mass ratio (R/S), 
in which the shoot dry mass is the sum of LDM + SDM.

2.6. Plant macronutrient content

At the end of the recovery period, after drying the 
plant tissues in a forced ventilation oven at 50 °C to a 
constant mass, the samples were milled in a ball mill. 
All macronutrient analyses were done at the Plant 
Tissue Analysis Laboratory of the Cacao Research Center 
(CEPEC/CEPLAC), following the procedures described in 
Embrapa (2009). A 200 mg sample was used for analysis of 
macronutrient concentrations. Concentrations of nitrogen 
(N) were determined by the Kjeldahl destilation method 
using a destilator model TE0364 (Tecnal, São Paulo, Brazil). 
The concentrations of potassium (K) were determined in 
the extract after a nitric-perchloric digestion using a flame 
photometer B464 (Micronal SA, São Paulo, Brazil). The 
concentrations of phosphorus (P) was determined using 
a spectrophotometer EEQ9005 (Edutec, Brazil).

2.7. Data analysis

The experiment was arranged in a completely 
randomized design in a 2 × 2 factorial arrangement with 
flooding treatment (flooded or non-flooded) as one factor 
and root deformation (RD or control with no RD) as the 
other factor, with 9 plants (replicates) for each treatment 
combination, totaling 36 plants were evaluated during the 
flooding and recovery periods. All data were analyzed by 
analysis of variance (ANOVA) followed by a Tukey’s Honestly 
Significant Difference (HSD) test at a 5% significance level 
using R statistical software (R Core Team, 2015).

3. Results

Throughout the 42 days of flooding, the average Eh 
of the soil solution decreased rapidly for plants without 
and with RD, although the decreases in Eh were much 
more pronounced in plants with RD than in the plants 
without RD during the first week after flooding. Two 

and seven days after flooding the values of Eh for plants 
without and with RD were, respectively, 10.59 ± 38.22 mV 
and -161.41 ± 15.68 mV, and -28.92 ± 35.55 mV and 
-196.40 ± 18.53 mV. Fourteen days after flooding, the Eh 
remained stable until plants were unflooded and Eh was 
similar between plants without RD (-240.67 ± 6.14 mV) and 
with RD (-237.77 ± 9.76 mV). We observed the appearance of 
hypertrophied stem lenticels and adventitious roots in the 
flooded plants. In addition, some flooded plants, both with 
or without RD, exhibited chlorosis and foliar abscission.

At the end of the flooding period, gs and A of non-flooded 
plants were about 2-fold higher of that of the flooded plants 
(p < 0.001; Table 1). Plant growth and biomass allocation 
variables (RGR, NAR, LA and LAR) were not significantly 
influenced (p > 0.05) by RD or soil flooding and there was 
no statistically significant interaction (p > 0.05) between RD 
and soil flooding. At the end of the recovery period, there 
was no significant effect (p > 0.05) of RD on any growth, 
biomass allocation or leaf gas exchange variables. Significant 
effects of soil flooding were observed for gs (p < 0.05), 
RGR and NAR (p < 0.01), LAR (p < 0.05), and LA/RDM 
and R/S (p < 0.001) . The mean values of gs, LAR and LA/RDM 
were, respectively, about 1.1, 1.2 and 1.6-fold higher in 
flooded than in non-flooded plants, whereas RGR, NAR 
and R/S were, respectively, about 2.3, 2.2, 1.6-fold higher 
in non-flooded than in flooded plants.

The RD and soil flooding did not affect the N 
concentration in leaves and roots (p > 0.05) (Table 2), and 
a non-significant interaction between RD and soil flooding 
for N concentration in leaves and roots (p > 0.05) were 
observed. No significant effect of RD on the root or leaf P 
concentration was observed (p > 0.05, ANOVA). There was 
a significant effect of soil flooding on the concentration 
of P in leaves (p < 0.001). The P content in leaves was 
approximately 2.6-fold higher in non-flooded than in 
flooded plants. In addition, a significant interaction between 
RD and soil flooding for P concentration in leaves (p < 0.05) 
was observed. In plants with no RD, the P concentration in 
leaves of non-flooded plants was significantly higher than 
that of plants with RD (p < 0.05) (Figure 2). Regardless of the 
root condition, the P concentration in non-flooded plants 
was significantly higher than in non-flooded plants. The RD 
did not affect the K concentration in leaves (p > 0.05); but 
there were significant effects of RD on the K concentration 
in roots (p < 0.001) (Table 2). The K concentration was 
3.7-fold higher in the roots of plants with RD than in 
those with no RD. Also, there was a significant effect of 
soil flooding on K concentration in leaves (p < 0.01). The K 
concentration in leaves of non-flooded plants was 1.3-fold 
higher than in leaves of flooded plants.

The whole plant contents (roots + stems + leaves) of N 
was not significantly influenced (p > 0.05) by RD or soil 
flooding (Table 3). However, the K content in plants with 
RD was significantly higher (p < 0.001) than in plants 
without RD. The K content was about 1.7-fold higher in 
plants with RD compared to plants without RD. The plant 
contents of P and K were significantly affected by soil 
flooding (p < 0.05). The whole plant contents of P and K 
were about 1.9-fold and 1.4-fold higher, respectively in 
the non-flooded plants in relation to the flooded plants. 
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There were no interactive effects between RD and soil 
flooding for the whole plant contents of any macronutrient.

4. Discussion

All plants with and without RD survived the soil 
flooding and recovery periods, demonstrating the tolerance 
of G. americana seedlings to soil flooding, as previously 
reported by Andrade et al. (1999), Mielke et al. (2003) and 
Lavinsky et al. (2007). However, the recovery phase after 
flooding has never been assessed for this species. In the 
present experiment, leaf gas exchange variables returned 

to the values similar to those of non-flooded plants and gs 
was 1.1-fold higher in flooded than in non-flooded plants 
at the end of the recovery period. The fact that plants 
removed from flooded soil could not resume growth at 
the end of recovery period may be related to the short 
period of time after drainage (28 days), which did not 
allow sufficient time for flooded plants to resume normal 
growth rates. However, the reestablishment of pre-flood A 
and gs values indicated the recovery of the photosynthetic 
activity (Voesenek and Bailey-Serres, 2015).

When soil is flooded, the equilibrium state of soil 
elements and compounds is altered, leading to changes 
in soil physical, chemical and biological properties, the 

Table 1. Means and significant levels of a two-way ANOVA comparing effects of root deformation (RD) and soil flooding on leaf gas exchange, 
growth and biomass allocation for seedlings of G. americana at the end of the flooding period (42 days) and recovery (28 days). N = 9.

Variable
Root (R) Flooding (F) ANOVA

Without RD With RD Non-flooding Flooding R F R x F

Flooding

gs 0.13 ± 0.02 0.16 ± 0.02 0.19 ± 0.03 0.10 ± 0.03 ± *** ns

A 7.25 ± 0.60 7.06 ± 0.70 9.35 ± 0.68 4.96 ± 0.84 ns *** ns

RGR 17.22 ± 1.94 14.43 ± 1.89 16.96 ± 3.18 14.74 ± 3.19 ns ns ns

NAR 0.46 ± 0.08 0.38 ± 0.07 0.39 ± 0.11 0.45 ± 0.10 ns ns ns

LA 378.5 ± 28.6 384.8 ± 17.5 392.5 ± 17.8 370.5 ± 11.1 ns ns ns

LAR 0.30 ± 0.04 0.37 ± 0.02 0.32 ± 0.04 0.34 ± 0.05 ns ns ns

LA/RDM 0.91 ± 21.25 1.01± 14.01 0.89 ± 16.99 1.03± 15.93 ns ns ns

R/S 0.64 ± 0.12 0.70 ± 0.08 0.77 ± 0.10 0.57 ± 0.07 ns * ns

Recovery

gs 0.17 ± 0.01 0.17 ± 0.01 0.16 ± 0.01 0.18 ± 0.01 ns * ns

A 9.03 ± 0.50 8.61 ± 0.45 8.9 ± 0.28 8.97 ± 0.24 ns ns ns

RGR 10.06 ± 1.76 9.29 ± 2.98 13.53 ± 1.33 5.83 ± 2.17 ns ** ns

NAR 0.42 ± 0.09 0.32 ± 0.12 0.51 ± 0.06 0.23 ± 0.08 ns ** ns

LA 392.7 ± 14.1 393.7 ± 29.8 383.7 ± 10.3 402.7 ± 17.4 ns ns ns

LAR 0.23 ± 0.01 0.27 ± 0.03 0.23 ± 0.01 0.27 ± 0.03 ns * ns

LA/RDM 0.64 ± 2.68 0.69 ±10.38 0.50 ± 5.26 0.81 ± 10.18 ns *** ns

R/S 0.70 ± 0.05 0.78 ± 0.07 0.90 ± 0.12 0.58 ± 0.05 ns *** ns

p > 0.05 (ns), p < 0.05 (*), p < 0.01 (**), p < 0.001 (***). Abbreviations: gs = stomatal conductance to water vapor (mol m-2 s-1); A = net photosynthetic 
rate (μmol m-2 s-1); RGR = relative growth rate (mg g-1 day-1); NAR = net assimilatioin rate (mg cm-2 day-1); LA = leaf area (cm2); LAR = leaf area ratio 
(dm2 g-1); RDM = dry mass of roots (gr); RM = root mass (g); SM = shoot mass (g); R/S = root dry mass to shoot dry mass ratio.

Table 2. Means and significance levels of a two-way ANOVA comparing effects of root deformation (RD) and soil flooding on concentrations 
(g kg-1) on N, P, and K in leaves and roots of concentrations of these nutrients in seedlings of G. americana after 28 days of soil drainage 
(recovery). N = 3.

Root (R) Flooding (F) ANOVA

Without RD With RD Non-flooding Flooding R F R x F

Leaves

N 10.40 ± 0.29 11.10 ± 0.18 10.78 ± 0.26 10.73 ± 0.29 ns ns ns

P 4.05 ± 0.82 3.68 ± 0.53 5.61 ± 0.33 2.12 ± 0.20 ns *** *

K 10.40 ± 0.77 11.14 ± 0.47 12.19 ± 0.34 9.35 ± 0.46 ns ** ns

Roots

N 5.18 ± 0.45 5.95 ± 0.17 5.23 ± 0.43 5.90 ± 0.24 ns ns ns

P 2.16 ± 0.15 2.57 ± 0.12 2.53 ± 0.13 2.20 ± 0.16 ns ns ns

K 5.00 ± 0.21 18.16 ± 1.07 12.60 ± 2.83 10.55 ± 2.05 *** ns ns

p > 0.05 (ns), p < 0.05 (*), p < 0.01 (**), p < 0.001 (***).
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most significant being a decrease in soil Eh (Pezeshki and 
DeLaune, 2012). When Eh decreases, a greater demand for 
oxygen occurs, causing an additional stress to the roots 
(Pezeshki, 2001). Plants adapted to constantly flooded 
environments have morphological and anatomical 
adaptations that allow the aeration of the rhizosphere, 
as the presence of lenticels and aerenchyma (Kozlowski, 
2002). For the G. americana seedlings, a more abrupt 
decrease in the soil Eh in the first week after flooding was 
observed for plants with RD. This fact may indicate that 
these plants had larger restrictions to the diffusion of gases 
from the atmosphere to the soil than the plants without 
RD. However, the Eh values were quite similar between the 
plants with and without RD from the second week after 
soil flooding. In addition, the absence of significant effects 
of RD on RGR and NAR between non-flooded and flooded 
plants at the end of flooding period may be related to the 
morphological and anatomical changes, which may have 
supplanted the effects of RD on seedlings of this species.

A decrease in N concentrations in tree seedlings 
subjected to soil flooding has been reported for many tree 
species (Martínez-Alcántara et al., 2012; Bidalia et al., 2018; 
Ow et al., 2019). Decreases in N concentrations in leaves 
of tree seedlings appears to be associated with decreased 

gs and E, which is a common response in plants subjected 
to soil flooding (Mielke et al., 2003; Lavinsky et al., 2007; 
Herrera et al., 2008; Mielke and Schaffer, 2010; 
Dalmolin et al., 2013). In our experiment, even if there was a 
decrease in gs in flooded plants, at 28 days after soil drainage 
the values   of gs were 1.13-fold higher in flooded plants 
than in non-flooded plants, maybe maintaining a high mass 
flow rate to the leaves. In addition, the energy demand for 
the uptake and assimilation of N in the roots is very high 
(Marschner, 2012). Roots subjected to anoxic conditions 
tend to produce less energy in the form of ATP, impairing 
soil N absorption and assimilation (Larson et al., 1992; 
Rennenberg et al., 2009). Thus, considering that the N 
content in plants is fundamental for the maintenance 
of several metabolic processes, the non-significant 
differences in the concentrations of N in leaves and 
roots between flooded and non-flooded G. americana 
seedlings corroborates the high tolerance to soil flooding 
of this species (Andrade et al., 1999; Mielke et al., 2003; 
Lavinsky et al., 2007).

Significant declines in P absorption by tropical 
trees subjected to soil flooding have been reported 
(Bidalia et al., 2018). The low availability of P induces 
increases in the root surface area, through lateral root 
emission and root length, leading to increases in R/S 
ratio (Shen et al., 2011; Péret et al., 2014). The low P 
concentrations in the leaves of G. americana seedlings 
subjected to soil flooding may be related to the reduction 
of carbon allocated to the roots, evidenced by the decrease 
of the R/S ratio for P. Although there was no significant 
difference between the P concentrations in the leaves and 
roots of plants with and without RD, the concentration of 
P in the leaves of plants without RD was 1.1-fold higher 
than in plants with RD. In addition, the P concentration 
was 1.2-fold higher in the roots of plants with RD compared 
to plants without RD. These results are evidence that 
RD caused an impairment to the transport of P from 
roots to the leaves. The significant differences between 
P concentrations in leaves of non-flooded plants with 
and without RD indicate that alternating periods of soil 
flooding may enhance the deficiency of this macronutrient 
in leaves of seedlings with RD.

After N, K is the most abundant macronutrient in 
plants with a broad action in plant metabolism, being very 
important in several physiological processes, including 
enzyme activation, cell expansion, osmoregulation, stomatal 
movement (Nobel, 2009; Hasanuzzaman et al., 2018) and 
differentiation of xylem vessels (Frensch and Hsiao, 1993; 

Figure 2. Concentrations of P in leaves for G. americana seedlings 
without or with root deformation (RD) after 28 days of soil 
drainage (recovery). N = 3. Means followed by the same letter 
are not significantly different according to Tukey’s test (p < 0.05). 
Capital letters represent comparisons water effects within root 
conditions and lower case letters represent comparisons of roots 
effects within water conditions.

Table 3. Means and significant levels of a two-way ANOVA comparing effects of root deformation (RD) and soil flooding (F) on whole 
plant contents (mg) of N, P, and K in seedlings of G. americana after 28 days of soil drainage (recovery). N = 3.

Root (R) Flooding (F) ANOVA

Without RD With RD Non-flooding Flooding R F R × F

N 105.05 ± 7.51 99.57 ± 5.66 104.42 ± 7.12 100.20 ± 6.34 ns ns ns

P 54.03 ± 13.51 43.60 ± 9.13 63.98 ± 7.18 33.65 ± 7.22 ns ** ns

K 109.06 ± 9.07 181.08 ± 23.79 167.12 ± 29.72 123.02 ± 20.32 *** ** ns

p > 0.05 (ns), p < 0.05 (*), p < 0.01 (**), p < 0.001 (***).
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McCully, 1994). In the xylem, the accumulation of K 
increases the hydraulic conductivity (Nardini et al., 2010; 
Oddo et al., 2011). In our experiment, we observed that 
plants without RD had higher concentrations of N, P, and 
K in the leaves than in the roots. However, among the four 
macronutrients analyzed, only K had a L/R ratio less than 
that of plants with RD. The large increase of K concentration 
in the roots may have been a compensatory response to slow 
transport of this nutrient to the aerial part of the plants. 
In addition, we suggest that hydraulic conductivity was 
altered by the RD. Although the effects of K concentrations 
on root hydraulics were not been analyzed in this study, 
we suggest that the high accumulation of this cation in 
deformed roots increases the hydraulic conductivity of 
the xylem, thus ensuring the maintenance of high values 
of leaf gas exchange. At whole plant scale, the higher 
demand for K in plants with RD (about 60% higher than 
plants without RD) would result in a higher consumption 
of this macronutrient from the soil. Thus, because of the 
high demand for K it is possible that seedlings with RD may 
have severe deficiency over time, especially if adequate 
replacement of this macronutrient with fertilization is 
not performed.

In recent years, efforts have been being made to develop 
technologies for silvicultural management of native trees 
in Brazil (Rolim et al., 2019), but the great diversity of 
species and socioeconomic and cultural barriers still 
hinder the management of native tree species. In one 
of the few references focusing on the state of the art of 
native forest tree seedling production in Brazil, Silva et al. 
(2015) identified that the main problems for forest nursery 
management are the lack of training and low technical 
skills of employees, the difficulty of selling seedlings and 
the continuous supply of seeds. The RD caused by errors 
in pricking out the seedlings is associated with the lack 
of attention and training of the nursery technicians at a 
crucial stage of the forest seedling production process. 
During the pricking out process, a hole is dug in the 
substrate of the container that will receive the seedling. 
The hole should be deep enough to accommodate the 
roots and slightly larger than the main root. Soon after 
placing roots in the hole, the seedling should be lightly 
pulled upwards to straighten the main root and irrigated 
to bring the substrate closer to the roots to avoid the 
formation of air pockets (Jaenicke, 1999; Hall, 2003; 
Dumroese et al., 2009; Wilkinson et al., 2014). However, 
when the planting hole has a depth that is less than the 
length of the main root, root bending occurs (Hall, 2003; 
Dumroese et al., 2009). Root damage caused by error during 
the pricking out process is so common a problem that 
several manuals for seedling production in forest nurseries 
draw attention to it (Wightman, 1999; Jaenicke, 1999; 
Hall, 2003; Dumroese et al., 2009; Gregorio et al., 2010; 
Wilkinson et al., 2014), but experimental trials with 
tropical tree seedlings are scarce. G. americana is an 
important tropical tree species indicated as one of the 
15 priority native species for silvicultural management 
in the Brazilian Atlantic Forest biome (Rolim et al., 2019). 
The fruits of this species are also widely consumed by 
native peoples in the form of liquor, candy or juice. Thus, 
its economic and social importance, as well as the ease 

of obtaining fruit and seeds and the high germination 
rates (Souza et al., 1999), make this species widely used 
in small and medium forest nurseries; where lack of 
training and low technical skills of employees is a serious 
and recurring problem.

In summary, to the best of our knowledge, this is the 
first experimental study analyzing the effects of RD induced 
by errors in the pricking out process and soil flooding 
on physiological, growth and nutritional responses of a 
tropical tree species. As expected, all G. americana seedlings 
survived 42 days of soil flooding and there were significant 
differences between flooded and non-flooded plants for 
A and gs. There were no significant interactions between 
RD and soil flooding for all leaf gas exchange, growth and 
mineral nutrition after soil drainage, with the exception 
of leaf P concentrations. Significant differences between 
flooded and non-flooded plants were observed for RGR, 
NAR, LAR and LA/RDM 28 days after soil drainage, despite 
the completely recovery of A and gs. RD did not affect the 
leaf gas exchange, growth and biomass allocation. RD and 
soil flooding did not influence the concentrations and 
whole plant contents of N, but affected the concentrations 
and whole plant contents of P and K. Although RD did not 
induce significant changes in leaf gas exchange and growth 
of four-month-old G. americana seedlings subjected to soil 
flooding, changes in the macronutrient concentrations in 
leaves and roots indicated that RD may affect physiological 
performance of seedlings after planting in the field.
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