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Impacto do fornecimento de alumínio no crescimento
de mudas de erva-mate (Ilex paraguariensis) de origem seminal

Eduardo L. C. T. Pinto2 , Poliana H. Petranski3 , Joyceara Rocha3 ,
Katia C. Lombardi2  & Fabricio W. de Ávila2,3*

ABSTRACT: Aluminum (Al) has long been regarded as toxic to plants, but recent research suggests it may also play 
a beneficial role in plant nutrition. Yerba mate (Ilex paraguariensis) is known for naturally thriving in acidic and Al-
rich soils. The objective of the present study was to evaluate the effect of supplying Al, with or without the addition 
of controlled-release mineral fertilization, on the growth of yerba mate seedlings obtained from seeds. The mineral 
fertilization of the substrate enhanced the growth, biomass production, and quality of the produced yerba mate 
seedlings. Al supply did not exhibit beneficial effects on the development of seed-propagated yerba mate seedlings, 
except for root fresh volume, which showed a positive response to moderate Al doses. The yerba mate seedlings had 
a high tolerance to the presence of Al in the substrate, withstanding monthly applications of up to 1,000 mg Al3+ 

per dm-3 of substrate without displaying toxicity symptoms. Nevertheless, higher Al doses caused severe toxicity in 
yerba mate seedlings, which was visibly manifested by the development of short, thick, and dark-colored roots. In 
the shoot of the seedlings, Al toxicity symptoms generally occurred indirectly, as evidenced by reduced growth and 
a decrease in dry matter production. However, in the most affected plants, dark spots were observed on the shoot, 
starting at the tips of the younger leaves and progressing across the entire leaf, ultimately causing leaf abscission 
and, subsequently, plant death.

Key words: acidic soil, beneficial element, toxic element, toxicity, plant nutrition

RESUMO: O alumínio (Al) sempre foi tido como um elemento tóxico para as plantas. Por outro lado, pesquisadores 
da área de nutrição de plantas têm recentemente sugerido em considerar o Al como um elemento benéfico para 
as plantas. A erva-mate (Ilex paraguariensis) é conhecida por naturalmente se desenvolver bem em solos ácidos e 
ricos em Al. Objetivou-se avaliar o efeito do fornecimento de Al, associado ou não com a fertilização mineral de 
liberação controlada, sobre o desenvolvimento de mudas de erva-mate de procedência seminal. A adubação mineral 
do substrato aumentou fortemente o crescimento, a produção de biomassa e a qualidade das mudas de erva-mate 
produzidas. O fornecimento de Al não apresentou efeito benéfico sobre o crescimento das mudas de erva-mate, 
com exceção da variável volume fresco de raízes, que apresentou incremento em resposta a doses moderadas de Al. 
As mudas de erva-mate apresentaram alta tolerância à presença de Al no substrato, suportando aplicações mensais 
de até 1000 mg dm-3 de Al3+ sem resultar em sintomas de toxidez. Porém, dosagens de Al mais elevadas causaram 
severa toxidez para as mudas, tornando visualmente as raízes curtas, grossas e de coloração escura. Na parte aérea 
das mudas, os sintomas de toxidez de Al ocorreram, em geral, de forma indireta, verificado pelo menor crescimento 
e diminuição da produção de matéria seca. Porém, para as plantas mais afetadas pela toxidez de Al, observou-se 
manchas escuras na parte aérea, que se iniciaram nas pontas das folhas mais jovens, progredindo para todo o limbo 
foliar, resultando em abscisão e posteriormente levando a planta à morte.

Palavras-chave: solo ácido, elemento benéfico, elemento tóxico, toxidez, nutrição de plantas

HIGHLIGHTS:
Yerba mate is the most widely cultivated non-timber forest species in Paraná state, Brazil.
Fertilization improved growth and quality of yerba mate seedlings.
Yerba mate seedlings showed tolerance to aluminum but developed toxicity at high doses.
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Introduction

Yerba mate (Ilex paraguariensis A. St. Hil., Aquifoliaceae) 
is a tree species native to South America, found in regions 
encompassing Brazil, Argentina, and Paraguay. In Southern 
Brazil, it plays an important socioeconomic and environmental 
role. Yerba mate primarily produces beverages, such as the 
traditional ‘chimarrão’, ‘tereré’, and mate tea. However, its use 
extends beyond beverages, as it serves as a raw material for 
various industrial products, including food preservatives, 
colorants, pharmaceuticals, and hygiene products (Penteado 
& Goulart, 2019; Girardi et al., 2024).

One of the most critical stages in yerba mate cultivation is 
seedling production. Therefore, proper management of mineral 
nutrition in forest nurseries is essential for rooting and the 
appropriate development of plants, aiming to produce high-
quality yerba mate seedlings with an optimal cost-benefit ratio 
(Muchau Junior et al., 2024; Pinto et al., 2024).

Fertilization recommended for seedling production varies 
depending on the substrate used and is divided into three 
phases: nursery, growth, and hardening. The main fertilizers 
recommended for seedling nutrition during these phases are 
soluble industrialized mineral sources, predominantly urea 
(45% N), single superphosphate (±18% P2O5), potassium 
chloride (60% K2O), and FTE-BR-10 or FTE-BR-12 (as a source 
of micronutrients). However, controlled-release fertilizers, a 
recent technology promising to increase fertilization efficiency 
in nurseries, have recently been introduced. These fertilizers 
gradually solubilize in the substrate, releasing nutrients 
according to the plant‘s requirements, thereby reducing 
nutrient losses due to leaching. Furthermore, these fertilizers 
are applied to the substrate only once, when seedlings are 
transplanted into tubes or plastic bags, reducing the labor 
required for fertilizer application at different growth stages 
(Wendling & Santin, 2015; Menegatti et al., 2017).

Aluminum (Al) is the most abundant metal in the Earth‘s 
crust and exists in various forms in the soil (Echart & Cavalli-
Molina, 2001). The cationic form of Al (Al3+) in the soil directly 
affects the availability of other soil nutrients for plant root 
absorption, influencing fertilization efficiency. Aluminum 
is a toxic element for most cultivated plant species, and its 
presence in concentrations above 1 mg dm-3 can negatively 
affect plant growth (Wendling & Santin, 2015; Korzune et al., 
2021; Rahman & Upadhyaya, 2021). 

However, other studies in plant nutrition have suggested 
that Al, in small concentrations in plant tissue, may offer 
growth benefits, with proposals to classify Al among the group 
of beneficial elements for plant species, along with elements 
such as silicon (Si), selenium (Se), cobalt (Co), vanadium 
(V), and sodium (Na) (Ghanati et al., 2005; Sun et al., 2020; 
Yamashita et al., 2020; Souza et al., 2023; Ofoe et al., 2023). 
However, more research is still needed to make such a general 
statement.

Yerba mate is known to grow and thrive in the acidic soils of 
Southern Brazil, which naturally contain high concentrations 
of Al3+ (Motta et al., 2020). The literature mentions that 
providing moderate doses of Al can stimulate the rooting of 
cuttings and initial growth in the clonal production of yerba 

mate seedlings (Benedetti et al., 2017; Ricardi et al., 2020).
As a result, it is widely believed among producers and 

technicians in the yerba mate sector that Al enhances the 
growth and development of the seedlings. However, even in 
clonal seedling production, very few studies have specifically 
examined the effects of Al on yerba mate growth and 
development, highlighting the need for more research to draw 
broader conclusions. Furthermore, in the case of seedlings 
derived from seeds, there is currently no scientific evidence on 
the effects of Al supplementation in the substrate for producing 
yerba mate seedlings propagated from seeds. It is believed that 
90 to 95% of the yerba mate seedlings produced today come 
from seeds. Lastly, no studies have explored the feasibility of 
Al supplementation in field-level yerba mate plantations (post-
seedling production phase).

This research aimed to evaluate the effect of supplying Al, 
with or without the addition of controlled-release mineral 
fertilization, on the development of seed-grown yerba mate 
seedlings.

Material and Methods

The experiment on yerba mate seedling production was 
conducted under nursery conditions at São Rafael Farm, 
located at the geographical coordinates 25° 29‘ 04“ S, 50° 17‘ 
53.61“ W, with an altitude of 892 m, in the district of Vieiras, 
municipality of Palmeira, state of Paraná, Southern Brazil 
(Figure 1). 

According to the Köppen-Geiger climate classification 
(Köppen & Geiger, 1936), the climate in Palmeira is classified 
as Cfb, characterized by a humid environment with well-
distributed precipitation throughout the year. The annual 
average rainfall ranges from 1,400 to 1,600 mm, with average 
temperatures between 17 and 18 °C. The region experiences 
well-defined seasons, with frost occurrences in winter, 
where the minimum temperature can reach -1.9 °C, and in 
the summer, temperatures can rise to a maximum of 28 °C. 
The region also receives an annual average of 2,000 hours of 
sunshine, according to the Climatic Atlas of the State of Paraná 
(Nitsche, 2019).

Yerba mate seeds were obtained by selecting 20 native 
mother trees from the region, on the farm within a forest 
fragment covering an area of approximately two hectares 
containing more than 50 seed-producing yerba mate trees. The 
mother trees are estimated to be over 100 years old, with trunks 
reaching up to 70 cm in diameter and heights up to 15 m. Seed 
collection from the forest fragment took place between January 
and April, using plastic nets placed under the canopy projection 
of the mother trees to collect mature fruits that naturally fell.

After harvesting the fruits from the mother trees and 
processing them, a sieve was used to remove impurities, 
followed by maceration using a steel mesh sieve to remove the 
pulp. The seeds were then washed under running water. The 
seeds were stratified in sand for 120 days to break dormancy. 
Subsequently, they were sown in beds containing a mixture 
of soil and coconut fiber, with periodic irrigation to maintain 
adequate moisture in the substrate, for an average period of 
30 days until germination began. The need for irrigation was 
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assessed daily based on the visual appearance of the substrate, 
ensuring it remained consistently moist but not saturated 
(Penteado Junior & Goulart, 2019). 

For the installation of the experiment, newly germinated 
seedlings were selected based on uniformity in shoot height 
(average of 3.07 cm), collar diameter (average of 0.75 mm), and 
vigor. The seedlings were then transplanted into 110 cm3 plastic 
tubes filled with a commercial substrate (Carolina Soil®; pH 5.0, 
electrical conductivity 0.4 mS cm-1, maximum moisture content 
60%, dry density 130 kg m-3), composed of peat, vermiculite, 
lime, and roasted rice husks. After transplanting, the yerba 
mate seedlings were cultivated in a nursery under 50% shade 
using shading screens and with irrigation applied as needed.

The experimental design was a randomized complete block 
design with four replications, arranged in a 2 × 7 factorial 
scheme, consisting of two fertilization treatments (with and 
without mineral fertilizer application to the substrate) and 
seven Al doses applied monthly to the substrate, namely 0 (no 
Al), 250, 500, 1000, 2000, 2500, and 3000 mg dm-3 (mg Al3+ 
per dm-3 of substrate), totaling 14 treatments. Therefore, the 
design comprised 56 experimental units (14 treatments × 4 
experimental blocks), each unit containing four plants. Thus, 
each treatment consisted of 16 plants (4 blocks × 4 plants 
per experimental unit), totaling 224 yerba mate plants (14 
treatments × 16 plants per treatment).

Mineral fertilization was applied to the substrate in the 
tubes in a single application during seedling transplanting 
by adding 3,000 mg per plant (amount of product per tube) 

of Basacote® Plus 9M fertilizer, which is a controlled-release, 
granular multi-nutrient fertilizer (16% N, 8% P2O5, 12% K2O, 
1.2% Mg, 5% S, 0.02% B, 0.05% Cu, 0.4% Fe, 0.06% Mn, 0.015% 
Mo, and 0.02% Zn). Thus, by applying 3 g per plant (or 3,000 
mg per plant) of the mineral fertilizer, the following nutrient 
amounts were provided: N = 480 mg per plant; P2O5 = 240 mg 
per plant; K2O = 360 mg per plant; Mg = 36 mg per plant; S = 
150 mg per plant; B = 0.6 mg per plant; Cu = 1.5 mg per plant; 
Fe = 12 mg per plant; Mn = 1.8 mg per plant; Mo = 0.45 mg per 
plant; Zn = 0.6 mg per plant. Notably, the fertilizer used is a 
controlled-release type, not immediately soluble, with granules 
that dissolve gradually after being applied to the substrate, 
slowly supplying nutrients as the seedlings develop. 

For each Al dose treatment (except the zero dose that 
received no Al), a solution was prepared using analytical-grade 
aluminum sulfate [Al2(SO4)3.(14-18)H2O]. The Al3+ solutions 
were prepared using reverse osmosis purified water (OS10LX 
model, Gehaka®).

The Al3+ solution was applied to the substrate at 30-day 
intervals. Over the experimental period, four applications 
of the Al3+ solution were made at 0, 30, 60, and 90 days after 
transplanting (DAT) the seedlings into the tubes. Day zero 
represents the start of the experimental period, that is, the day 
the yerba mate seedlings were transplanted into the tubes. The 
Al solutions were consistently applied in the morning.

Thus, considering the seven Al doses described in the 
experimental design [250, 500, 1000, 2000, 2500, and 3000 mg 
dm-3 (mg Al3+ per dm-3 of substrate)], and the volume of the 

Source: Eduardo Luiz Costa Tobias Pinto 

Figure 1. Georeferenced image of the experiment location, municipality of Palmeira, Paraná State, Brazil
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substrate-filled tube (110 cm3), the amount of Al provided at 
each application was equivalent to 0, 27.5, 55, 110, 220, 275, 
and 330 mg per plant, respectively. After four applications 
(at 0, 30, 60, and 90 DAT), the total amount of Al supplied at 
each dose was 0, 110, 220, 440, 880, 1,100, and 1,320 mg per 
plant, respectively.

Four growth evaluations were conducted, consisting of 
plant height measured with a graduated ruler and collar 
diameter measured with a digital caliper. The evaluations were 
performed monthly, i.e., at 30, 60, 90, and 120 DAT.

At 120 DAT, after the final growth evaluation, the plants 
were harvested, and the substrate was removed from the 
roots using running water and a sieve to avoid root loss. 
Subsequently, the root fresh volume (RFV) was determined 
using a graduated cylinder and distilled water, following the 
method of Martins et al. (2011).

After drying the roots with paper towels and air, the 
seedlings were separated into shoots and roots using pruning 
shears and packed in labeled Kraft paper bags. The shoot and 
root fresh matter were determined using a digital analytical 
balance. Subsequently, the plant material was dried in a forced-
air circulation oven at 58-60 °C until constant weight was 
reached (4 days). Afterward, shoot dry matter (SDM) and root 
dry matter (RDM) were determined using a digital balance.

Based on the growth and dry biomass production data 
obtained at 120 DAT, the Dickson quality index (DQI) for the 
seedlings was calculated (Dickson et al., 1960) according to 
the expression:

selection was based on the significance of the regression 
coefficients (p ≤ 0.05), the coefficient of determination (R2), 
and the biological plausibility of the fitted curve (Motulsky 
& Christopoulos, 2004; Puiatti et al., 2013; Archontoulis 
& Miguez, 2017; Raudonius, 2017). Without a significant 
interaction between Al doses and fertilization but with a 
significant main effect of Al doses, a single regression curve was 
fitted based on the mean values across fertilization treatments. 
For variables that showed a significant interaction between 
factors (Al doses × fertilization), separate regression curves 
were fitted for each fertilization condition: the curve for 
unfertilized plants was plotted in blue, and that for fertilized 
plants in red. When ANOVA did not show a significant effect 
of Al doses (p > 0.05), the data were presented as horizontal 
lines across Al levels, representing the overall mean. 

Results and Discussion

Table 1 summarizes the analysis of variance (ANOVA) for 
all variables evaluated in the experiment.

It is important to highlight that, in treatments with high 
Al doses, some plants died. In such cases, for experimental 
units with dead plants, the mean value was calculated based 
on all four plants in the unit, assigning a value of zero for dead 
plants. In the treatment with the highest Al dose (3,000 mg 
dm-3), where some experimental units exhibited total plant 
loss (death of all four plants in the unit), a value of zero was 
assigned to that replicate rather than treating it as missing 
data in the statistical analysis. This approach ensured that the 
toxic effect of Al was incorporated into the results, including 
plant mortality, even though this increased the coefficient of 
variation (CV%) in the analysis of variance (ANOVA).

If dead plants had been excluded from the statistical analysis 
and only the mean of the surviving plants in the experimental 
unit had been considered, the CV% in the ANOVA would have 
been reduced. However, the toxic effect of Al on the studied 
variables would have been underestimated. Additionally, the 
high CV% can also be attributed to genetic heterogeneity in 
Al tolerance among individuals within the same treatment, as 
the seedlings were seed-derived.

Nevertheless, despite the experimental variability observed 
in some variables, the effects of fertilization and Al doses 
were statistically highly significant, demonstrating that the 
treatments had consistent effects. Thus, the results accurately 
reflect the impact of Al doses on the development of seed-
propagated yerba mate seedlings.

Plant shoot height was affected by the fertilization factor 
at 30 DAT and by the main effects (without interaction) of 
fertilization and Al dose factors at 60 and 90 DAT (Figure 2).

At 30 DAT, plant height was significantly affected by 
fertilization, but not by Al doses (Figures 2A and B). At this 
stage, seedlings grown in fertilized substrate reached heights 
approximately 12% greater than those grown in non-fertilized 
substrate.

At 60 DAT, fertilization increased plant height by 
approximately 36% (Figure 2C). In contrast, Al doses above 
2,000 mg dm-3 caused a marked reduction in height, with the 
two highest doses (2,500 and 3,000 mg dm-3) reducing plant 

TDMDQI
SH SDM
CD RDM

=
   +   
   

where: 
DQI - Dickson quality index;
TDM - total dry matter of the seedling (SDM + RDM) (g); 
SH - shoot height (cm); 
CD - collar diameter (mm);
SDM - shoot dry matter (g); and,
RDM - root dry matter (g).

The data obtained were first subjected to normality and 
variance homogeneity tests using the Shapiro-Wilk and 
Bartlett tests, respectively, with the R statistical software 
(R Development Core Team, 2016). Subsequently, the data 
were analyzed using analysis of variance (ANOVA, p-value 
≤ 0.05) with the SISVAR statistical software (Ferreira, 
2011). Each experimental unit consisted of four plants, with 
four replications (experimental blocks), totaling 16 plants 
per treatment. The mean value of the four plants in the 
experimental unit was considered for each analyzed variable. 

When a significant effect of fertilization treatments was 
detected, means were compared using Tukey’s test (p ≤ 0.05). 
When a significant effect of Al doses was detected, regression 
models were fitted to describe the behavior of each response 
variable as a function of Al dose. Various models - linear, 
polynomial, transformed linear, and nonlinear - were tested 
depending on the nature of the response variable. Model 
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Table 1. Summary of analysis of variance for shoot height and collar diameter at 30, 60, 90, and 120 days after transplanting 
(DAT), and shoot dry matter (SDM), root dry matter (RDM), root fresh volume (RFV), and Dickson quality index (DQI) at 
120 DAT, as a function of fertilization treatments and aluminum (Al) doses applied monthly to the substrate

SV 1 DF 2 
Mean squares 

30 DAT 60 DAT 90 DAT 120 DAT 
Shoot height 

Block 3 0.6494ns 0.5395ns 0.1130ns 0.9323ns 
Fertilization (F) 1 1.6491* 17.1939*** 15.5823** 136.1256*** 
Al doses (Al) 6 0.5949ns 3.3952** 4.4565** 52.5333*** 

F × Al 6 0.4323ns 1.3483ns 2.1460ns 22.9367*** 
Residual 39 0.3774 0.8224 1.4214 3.8952 
CV (%) 3  20.01 25.16 32.93 39.62 

Mean  3.07 3.60 3.62 4.98 
Collar diameter 

Block 3 0.0787** 0.0693ns 0.0824ns 0.0690ns 
Fertilization (F) 1 0.0046ns 0.5660* 1.1145** 3.1445** 
Al doses (Al) 6 0.0062ns 0.2397* 0.4789** 3.9020*** 

F × Al 6 0.0288ns 0.1737ns 0.2647ns 0.9596* 
Residual 39 0.0162 0.0987 0.1358 0.3635 
CV (%)  10.93 23.27 27.11 42.51 
Mean  1.16 1.35 1.36 1.42 

  
Plant biomass production variables at 120 DAT 

SDM RDM RFV DQI 
Block 3 278.7901ns 2619.1546ns 179473.2102ns 0.000625ns 

Fertilization (F) 1 533715.8750*** 42827.0861*** 5217247.5532*** 0.010623*** 
Al doses (Al) 6 142578.2562*** 16610.6852*** 1553384.7281*** 0.005981*** 

F × Al 6 48247.9194* 7891.4567** 748430.2410*** 0.002238** 
Residual 39 19691.2882 2496.1021 151024.9567 0.000635 
CV (%)  65.82 59.48 67.11 53.79 
Mean  213.19 83.99 579.04 0.0469 

 1 SV - Source of Variation; 2 DF - Degrees of Freedom; 3 CV (%) - Coefficient of Variation; ***, **, * and n.s. - p ≤ 0.001, p ≤ 0.01, p ≤ 0.05, and p > 0.05, respectively (F-test)

Continue on next page

A. B.

C. D.
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Continuation of Figure 2

ns indicates no statistically significant difference according to the F-test (p > 0.05); *, **, and *** indicate statistically significant differences at p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001, 
respectively. A, C, and E represent the effect of fertilization. B, D, and F show the response to Al doses. Means followed by different uppercase letters differ significantly (Tukey’s test, 
p ≤ 0.05). The curves in panels D and F represent the fitted regression models describing the relationship between Al doses and plant height

Figure 2. Plant height of yerba mate seedlings evaluated at 30 (A and B), 60 (C and D), and 90 (E and F) days after transplanting 
(DAT), in response to fertilization and monthly Al doses applied to the substrate

* and *** indicate statistically significant differences at p ≤ 0.05 and p ≤ 0.001, respectively. The curves represent the fitted regression models describing the relationship between Al 
doses and plant height: the blue line corresponds to unfertilized plants, and the red line corresponds to fertilized plants. Within each Al dose, means followed by different lowercase 
letters differ significantly between fertilization treatments (Tukey’s test, p ≤ 0.05)

Figure 3. Plant height of yerba mate seedlings evaluated at 120 days after transplanting (DAT) in response to monthly Al doses 
applied to the substrate and fertilization treatments

height by an average of 33%. At lower Al concentrations (250, 
500, 1,000, and 2,000 mg dm-3), plant height remained similar 
to that observed in the control without Al (Figure 2D).

At 90 DAT, the effect of fertilization remained significant, 
with a 34% increase in plant height observed in fertilized 
seedlings compared to unfertilized ones (Figure 2E). The 
toxic effect of Al became more pronounced at this stage, with 
reductions in plant height beginning at 1,000 mg dm-3. The two 

highest Al doses led to average reductions of 37%, while 2,000 
mg dm-3 caused a 20% decrease in plant height (Figure 2F).

At 120 DAT, the effect of Al dose on plant height varied 
according to the substrate fertilization treatments, indicating 
a significant interaction between the factors (Figure 3). 

In the absence of fertilization, Al doses caused little change 
in plant height at 120 DAT, with a marked reduction only at 
the two highest doses. In contrast, under fertilized conditions, 

E. F.
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the three highest Al doses strongly reduced plant height at 
120 DAT, with an average decrease of 33%, whereas the three 
lowest doses had virtually no effect. For comparison, at Al 
doses ranging from 0 to 1,000 mg dm-3, the average plant 
height was 2.4 times greater with fertilization. However, 
starting at the 2,000 mg dm-3 dose, mean height values did not 
differ between fertilized and non-fertilized treatments due 
to the pronounced toxic effect of Al on seedlings receiving 
mineral fertilization.

In addition to shoot height, collar diameter is another 
important variable for analyzing the seedling growth of forest 
species under nursery conditions. The effects of treatments 
on collar diameter were similar to those observed for plant 
height (Figure 4).

At 30 DAT, collar diameter was not significantly affected 
by fertilization (Figure 4A) or by Al doses (Figure 4B). At 
this stage, the values were consistent across all treatments, 
averaging approximately 1.16 mm.

n.s. indicates no statistically significant difference according to the F-test (p > 0.05); *, **, and *** indicate statistically significant differences at p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001, 
respectively. A, C, and E represent the effect of fertilization. B, D, and F show the response to Al doses. When a significant effect of fertilization treatments was observed, means 
followed by different uppercase letters differ significantly (Tukey’s test, p ≤ 0.05). The curves in panels D and F represent the fitted regression models describing the relationship 
between Al doses and collar diameter 

Figure 4. Collar diameter of yerba mate seedlings evaluated at 30 (A and B), 60 (C and D), and 90 (E and F) days after transplanting 
(DAT), in response to fertilization and monthly Al doses applied to the substrate

A. B.

C. D.

E. F.
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At 60 DAT, a significant effect of fertilization was observed, 
with seedlings in fertilized substrate exhibiting a 16% greater 
collar diameter than unfertilized plants (Figure 4C). Al doses 
also had a significant effect, with the two highest doses (2,500 
and 3,000 mg dm-3) reducing collar diameter by an average of 
26% compared to the control (Figure 4D).

At 90 DAT, fertilization continued to promote seedling 
growth, resulting in a 23% increase in collar diameter compared 
to non-fertilized plants (Figure 4E). The adverse effect of Al 
became more evident starting at the 2,000 mg dm-3 dose. On 
average, the three highest Al doses (2,000, 2,500, and 3,000 mg 
dm-3) led to a 28% reduction in collar diameter compared to 
the lower doses (Figure 4F). 

At 120 DAT, a significant interaction between Al doses 
and substrate fertilization was observed for collar diameter 
(Figure 5).

Without substrate fertilization, collar diameter at 120 
DAT showed slight variation at the lower Al doses, with more 
pronounced reductions observed at the three highest doses. In 
contrast, with substrate fertilization, collar diameter decreased 
by an average of 64% at the three highest Al doses (2,000, 
2,500, and 3,000 mg dm-3), while no significant changes were 
observed among the lower doses. Thus, although fertilization 
increased collar diameter by 80% in the absence of Al, this 
positive effect was no longer evident under Al toxicity, which 
became pronounced at doses greater than 1000 mg dm-3.

Regarding the biomass production of yerba mate seedlings 
evaluated at 120 DAT, shoot (SDM) and root (RDM) dry matter 
were influenced by the interaction between factors (fertilization 
× Al doses) (Figure 6).

The shoot height and collar diameter results were reflected 
in shoot biomass production. Only minor variations in SDM 
were observed across Al doses ranging from 0 to 1,000 mg 
dm-3, regardless of whether the seedlings received substrate 
fertilization. However, from 2,000 mg dm-3 onward, Al toxicity 
led to a sharp reduction in SDM, with an average decrease of 
75%. Substrate fertilization increased SDM by approximately 
2.7-fold at the four lowest Al doses compared to unfertilized 
treatments. Nevertheless, this positive effect was no longer 
evident at Al doses greater than 1,000 mg dm-3, likely due to 
the toxic effects of excess Al, which minimized the differences 
between fertilized and non-fertilized seedlings (Figure 6A). 
The average shoot moisture content (stems + leaves) was 72%, 
based on fresh and oven-dried weights.

The fertilization status of the substrate influenced the 
effect of Al on root biomass. In the absence of fertilization, 
RDM production was low. It showed slight variation across 
Al doses, except at the two highest levels (2,500 and 3,000 mg 
dm-3), where the lowest RDM values were recorded. Under 
controlled-release fertilization, the four lowest Al doses (0, 
250, 500, and 1,000 mg dm⁻³) promoted a 2.0-fold increase 
in RDM compared to non-fertilized seedlings, with slight 
variation among these doses. However, excess Al at the three 
highest Al doses (≥ 2,000 mg dm-3) resulted in a marked 
reduction in root biomass, representing a 69% decrease 
compared to the average of the four lowest doses. Under these 
conditions, no significant differences in RDM were observed 
between fertilized and non-fertilized treatments (Figure 6B).

Aluminum plays a dual role in plant development, acting 
as a toxic element for most species while benefiting certain 

*, **, and *** indicate statistically significant differences at p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001, respectively. The curves represent the fitted regression models describing the relationship 
between Al doses and collar diameter: the blue line corresponds to unfertilized plants, and the red line corresponds to fertilized plants. Within each Al dose, means followed by 
different lowercase letters differ significantly between fertilization treatments (Tukey’s test, p ≤ 0.05)

Figure 5. Collar diameter of yerba mate seedlings evaluated at 120 days after transplanting (DAT) in response to monthly Al 
doses applied to the substrate and fertilization treatments
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plants adapted to acidic soils. Al toxicity primarily affects 
root systems by inhibiting cell division and impairing water 
and nutrient uptake, ultimately reducing shoot growth. 
However, some species exhibit a positive response to Al under 

acidic conditions. Research on tea plants has shown that Al 
is beneficial and essential for root growth and development. 
The absence of Al disrupts root meristem activity, halts root 
elongation, and induces DNA damage in meristematic cells. 

*, **, and *** indicate statistically significant differences at p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001, respectively. The curves represent the fitted regression models describing the relationship 
between Al doses and dry matter production: the blue line corresponds to unfertilized plants, and the red line corresponds to fertilized plants. Within each Al dose, means followed 
by different lowercase letters differ significantly between fertilization treatments (Tukey’s test, p ≤ 0.05)

Figure 6. Shoot (A) and root (B) dry matter production of yerba mate seedlings evaluated at 120 days after transplanting (DAT) 
in response to monthly Al doses applied to the substrate and fertilization treatments
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Furthermore, Al accumulation in tea plant shoots has been 
linked to enhanced photosynthesis and metabolic activity, 
indicating a broader physiological role in plant growth. 
These findings underscore the species-specific nature of Al 
responses and highlight the need for further research to 
better understand its effects on different plant species (Sun 
et al., 2020).

Ricardi et al. (2020) found that the application of 9,000 
mg dm-3 of aluminum sulfate [Al2(SO4)3], corresponding to 
approximately 1,420 mg Al3+ dm-3, had a positive effect on 
increasing leaf area in clonal yerba mate seedlings. However, 
unlike the present study, the authors applied aluminum 
sulfate as a single dose directly to the rooting substrate of 
yerba mate cuttings, which measured 6 to 10 cm in length. 
These cuttings were obtained from three-year-old mother 
plants of the BRS BLD Aupaba cultivar, grown in a semi-
hydroponic system within a clonal mini-garden. The cuttings 
were planted in 50 cm3 tubes containing substrate with 
specific Al³⁺ concentrations.

In a hydroponic cultivation system with approximately 
four-month-old clonal yerba mate seedlings obtained through 
mini-cuttings, Benedetti et al. (2017) observed an increase 
in root production following the application of Al3+ to the 
nutrient solution at concentrations close to 1300 µmol L-1 
(equivalent to approximately 35.07 mg L-1 of Al3+). However, 
the optimal Al3+ dose varied depending on the clonal material 
used.

The absence of fertilization reduced shoot and root biomass 
production of yerba mate seedlings but did not affect the root 
system morphology (Figure 7). On the other hand, in addition 
to reducing shoot and root biomass production, Al toxicity 
caused morphological changes in the roots (Figure 8). 

For some plants, Al toxicity symptoms in the shoot were 
indirect, resulting in lesser growth and SDM production 
(Figure 9). However, the toxicity symptoms in the shoot were 
directly manifested in other plants negatively affected by Al. 
They initially appeared as dark spots at the tips of younger 
leaves, which later spread to the entire leaf blade, leading 
to the abscission of affected leaves and eventual plant death 
(Figure 10).

Source: Eduardo Luiz Costa Tobias Pinto 

Figure 8. Visual aspect of the root system of yerba mate 
seedlings at 120 days after transplanting, in the plot without 
fertilization and with 250 mg Al3+ per dm-3 of substrate (A), 
plot without fertilization and with 3,000 mg Al3+ dm-3 (B), plot 
with fertilization and with 250 mg Al3+ dm-3 (C), and plot with 
fertilization and with 3,000 mg Al3+ dm-3 (D). Figures A and C 
demonstrate the difference in root biomass production between 
treatments without and with fertilization, respectively. Figures 
B and D illustrate the modification of root system morphology 
due to the toxicity observed at higher Al doses, regardless of 
fertilization

Source: Eduardo Luiz Costa Tobias Pinto

Figure 7. Visual aspect of the shoot of yerba mate seedlings in 
the plot without fertilization and without Al application (A) 
and plot with fertilization and without Al application (B) at 
120 days after transplanting

Source: Eduardo Luiz Costa Tobias Pinto

Figure 9. Visual aspect of yerba mate seedlings at 120 
days after transplanting (A) Plants without Al3+ toxicity, 
demonstrating proper development of the shoot and root 
system, with roots displaying a light color; (B) Plants with Al3+ 
toxicity, illustrating the adverse effect on shoot development 
and, particularly, on root system morphology, with roots 
displaying a dark color

According to Echart & Cavalli-Molina (2001), plant 
species vary in their ability to tolerate Al, and this variation 
extends to individuals within the same species, depending on 
the genotype. Supporting this assertion, Benedetti et al. (2017) 
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found that different yerba mate clones responded differently 
to Al doses. Similarly, some plant species can accumulate high 
concentrations of Al3+ without displaying toxicity symptoms 
associated with this element. Examples include Melastoma 
malabathricum L. (melastoma), Fagopyrum esculentum 
Moench (buckwheat), and Camellia sinensis L. (tea plants). 
These species mitigate Al toxicity through ligands, such as 
organic acids, or by isolating Al in insensitive locations, such 
as vacuoles (Nagata et al., 1992; Watanabe & Osaki, 2002).

Root fresh volume (RFV) and the Dickson quality 
index (DQI) of yerba mate seedlings were influenced by the 
interaction between fertilization and Al doses (fertilization × 
Al doses) (Figure 11).

In non-fertilized treatments, RFV showed a slight increase 
at the lower Al doses (250 and 500 mg dm-3), followed by a 
reduction from 1,000 mg dm-3 onward, with a more pronounced 
decline at the two highest Al levels. Similarly, in fertilized 
treatments, RFV was higher at 250 and 500 mg Al3+ dm-3 of 
substrate compared to the control (0 mg dm-3), a response well 
captured by the adjusted regression model. However, a marked 
reduction in RFV was observed at the three highest Al doses, 
likely due to Al toxicity, which negatively affected root system 
development. The role of substrate fertilization in promoting 
root growth is noteworthy, as in the absence of Al toxicity, 
fertilization increased RFV by an average of 3.9-fold compared 
to the corresponding non-fertilized treatment. Notably, RFV 
was the only variable in this study that exhibited a positive 
response to Al supplied at moderate doses (Figure 11A).

As a result of the growth and dry matter production 
data, yerba mate seedlings with the highest DQI values were 
obtained in the treatments that received mineral fertilizer and 
Al doses ranging from 0 to 1,000 mg dm-3 of soil, with DQI 
values ranging from 0.084 to 0.111. In treatments without 
mineral fertilizer and with Al doses ranging from 0 to 1,000 
mg dm-3 of substrate, the DQI ranged from 0.035 to 0.049. At 
Al doses ranging from 2,000 to 3,000 mg dm-3 of substrate, 
the DQI ranged from 0.004 to 0.037, with or without mineral 
fertilizer. Thus, substrate fertilization and the absence of Al 
toxicity were essential for producing high-quality yerba mate 
seedlings (Figure 11B).

Supporting this research, Pimentel et al. (2017) found 
DQI values ranging from 0.07 to 0.12 in yerba mate seedlings 
produced by vegetative propagation and evaluated at 120 days 
of cultivation. Ricardi et al. (2020) found DQI values ranging 
from 0.17 to 0.42, depending on Al3+ doses in clonal yerba 
mate seedlings evaluated at 300 days of age. Thus, DQI values 

in yerba mate seedlings appear to increase as the seedling 
ages.

The Dickson Quality Index (DQI) is widely recognized as 
a robust measure for assessing the quality of forest seedlings. 
Developed by Dickson et al. (1960), the DQI integrates 
multiple morphological parameters, such as shoot height, collar 
diameter, and the dry mass of both the shoot and root system, 
providing a comprehensive evaluation of seedling robustness 
and biomass allocation balance.

The significance of the DQI lies in its ability to predict 
seedling performance after transplanting. Seedlings with high 
DQI values tend to exhibit greater vigor and higher survival 
rates in the field, as the index reflects a balanced growth 
between the shoot and root system. This balance is crucial for 
plants to withstand adverse conditions and establish themselves 
in the planting environment. Studies have demonstrated that 
the DQI is a reliable indicator of seedling quality, serving as a 
reference for selecting batches for reforestation and ecological 
restoration projects. By considering the DQI in the evaluation 
of forest seedlings, it is possible to ensure that only individuals 
with adequate growth potential and adaptability are used in 
planting projects, thereby increasing the efficiency and success 
of these initiatives (Gomes et al., 2002; Smiderle & Souza, 
2016).

Except for RFV, no beneficial effects of Al were observed 
on the development of seed-origin yerba mate seedlings at 
any of the Al doses tested. These findings contrast with those 
previously reported for clonal yerba mate seedlings, in which 
positive effects of Al supply on rooting and overall seedling 
development were documented (Benedetti et al., 2017; 
Ricardi et al., 2020).

On the other hand, yerba mate seedlings demonstrated 
tolerance to Al³⁺ up to the dose of 1,000 mg dm-3. Considering 
that this Al dose was applied monthly to the substrate, four 
applications were made during the experimental period, 
totaling 4,000 mg dm-3 (four applications of 1,000 mg dm-3 
each). In this case, seed-origin yerba mate seedlings exhibit 
high tolerance to high Al concentrations in the substrate 
compared to other cultivated plant species.

However, from the dose of 2,000 mg dm-3 of Al3+ 
(equivalent to 8,000 mg dm-3 after four applications), Al 
toxicity symptoms were observed in the yerba mate seedlings, 
which strongly manifested in the morphology of the root 
system, as presented in the results.

Thus, at the three highest Al doses (2,000, 2,500, and 3,000 
mg dm-3 of substrate), it was evident that Al toxicity in yerba 
mate seedlings initially manifested strongly in the roots, 
altering root system morphology by making the roots short, 
thick, and dark. Consequently, over time, for some plants, 
the Al toxicity symptom manifested only indirectly in the 
shoot, resulting in reduced growth and biomass production. 
However, for some plants, Al toxicity symptoms in the shoot 
occurred directly, initially appearing visually at the tips of the 
youngest leaves as a dark spot, which later spread across the 
entire leaf blade, leading to leaf abscission and, ultimately, 
plant death.

According to Hartwig et al. (2007), Al in the soil inhibits 
root growth and development, altering water and nutrient 

Source: Eduardo Luiz Costa Tobias Pinto

Figure 10. Plots at 90 days after transplanting that had a high 
mortality rate of yerba mate plants due to Al toxicity
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*, **, and *** indicate statistically significant differences at p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001, respectively. The curves represent the fitted regression models describing the relationship 
between Al doses and root fresh volume or Dickson quality index: the blue line corresponds to unfertilized plants, and the red line corresponds to fertilized plants. Within each Al 
dose, means followed by different lowercase letters differ significantly between fertilization treatments (Tukey’s test, p ≤ 0.05)

Figure 11. Root fresh volume (A) and Dickson quality index (B) of yerba mate seedlings evaluated at 120 days after transplanting 
in response to monthly Al doses applied to the substrate and fertilization treatments

absorption and reducing overall plant development. Al is 
not considered an essential element for plant species, but 
plants naturally contain Al in their tissues. Al is present in 
most acidic soils in Brazil and is naturally absorbed by plants 
through ion-transporting membrane proteins, allowing it to 
enter root cells. Al exerts toxic effects on roots by inhibiting 

cell division and elongation, negatively impacting the roots’ 
ability to absorb water and nutrients and altering biochemical 
signaling in physiological processes (Tatsch et al., 2010; 
Vicensi et al., 2020; Chauhan et al., 2021). Aluminum toxicity 
symptoms in plants include thickened roots with yellowish 
tips, twisted dark-colored secondary roots, and absence of 
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root hairs (Rahman & Upadhyaya, 2021; Hajiboland et al., 
2023; Ofoe et al., 2023).

In addition to changes in root system morphology and 
reduced shoot and root biomass production, plant death due 
to Al toxicity began at 60 DAT in unfertilized treatments and 
at 30 DAT in the fertilized treatments. Table 2 presents the 
number of dead plants resulting from toxicity in the three 
highest Al3+ doses. 

It should be noted that in this experiment, each 
experimental unit consisted of four plants. Thus, in the 
experimental units that showed Al toxicity in the plants 
(three highest Al3+ doses), the death of two or three plants 
was observed. In contrast, the remaining plants (one or two 
plants) continued to develop until the end of the experiment, 
but with reduced growth and decreased shoot dry matter 
production. An exception occurred in the treatments that 
received the highest Al dose, where some experimental units 
recorded the death of all four plants of the experimental 
unit (Figure 10). This is likely related to genotype, as seeds 
came from 20 mother trees, making it evident that some 
individuals had a higher tolerance to Al toxicity due to 
genetic characteristics.

Yerba mate exhibits this adaptation, being a species 
that naturally grows well in the acidic, Al-saturated soils 
of Southern Brazil (Girardi et al., 2024). In this context, 
Benedetti et al. (2017) found that different yerba mate clones 
subjected to the exact Al3+ dosage presented variations in 
tolerance to the element. According to the author, yerba 
mate’s tolerance to Al may be related to phenolic compounds 
in the species’ tissues.

There are reports that low or moderate Al doses in the 
growing medium can benefit the development of clonal yerba 
mate seedlings, particularly for root elongation and volume 
(Benedetti et al., 2017). Additionally, in the production of 
yerba mate seedlings via vegetative propagation, the supply of 
1,440 mg of Al dm-3 in the substrate enhanced seedling growth. 
However, the application of 2,880 mg dm-3 resulted in toxicity 
for clonal yerba mate seedlings (Ricardi et al., 2020). In a 
study on tea plants (Camellia sinensis L.), the authors found 
that Al can be considered a beneficial element, as it stimulates 

plant growth by increasing Al-induced antioxidant activity. 
This results in greater membrane integrity, lignification, and 
delayed plant aging (Ghanati et al., 2005).

Yamashita et al. (2020) conducted a study to evaluate the 
effects of pH and Al on tea plant growth and found that Al was 
beneficial for plant growth. The authors also observed that, in 
new roots, the levels of most cationic nutrients, such as Ca2+, 
Cu2+, Mg2+, Fe2+, K+, and Zn2+, were reduced by adding Al3+. 
However, the content of these elements was not affected in the 
leaves. These results suggest that Al inhibited the absorption 
of many cationic elements. However, in its beneficial role, Al 
may aid in efficiently translocating these elements from roots 
to shoots. Therefore, Al may complement the nutritional 
functions of these cationic elements and promote good 
growth in nutrient-poor environments, such as Brazil’s acidic 
soils.

The importance of mineral fertilization in the substrate 
to produce yerba mate seedlings was demonstrated. In 
this research, controlled-release fertilizer was used. These 
fertilizers are generally composed of granules containing plant 
nutrients. However, they are enclosed in a semipermeable 
membrane that contracts with temperature and gradually 
releases nutrients osmotically into the substrate. Thus, 
compared to conventional mineral fertilizers, the use of 
controlled-release fertilizers results in lower leaching losses 
and allows for nutrient supply to plants according to their 
needs, increasing fertilization efficiency and reducing toxicity 
risks (Rossa et al., 2011).

Moraes Neto et al. (2003) found that the application of 
controlled-release fertilizers to produce Guazuma ulmifolia 
(mutambo), Croton floribundus (capixingui), Peltophorum 
dubium (canafístula), Gallesia integrifolia (pau-d’alho), 
and Myroxylon peruiferum (cabreúva) seedlings resulted 
in greater development compared to seedlings that did 
not receive this type of fertilization. Duboc (2018) also 
used controlled-release fertilizer to produce Cedrela fissilis 
seedlings, achieving better seedling development.

According to Smiderle et al. (2020), applying controlled-
release fertilizers to produce Agonandra brasiliensis seedlings 
stimulated height growth and collar diameter. Emer et 
al. (2020) found that applying doses of controlled-release 
fertilizer increased the growth of Campomanesia aurea 
seedlings.

In summary, the findings of this study indicate that the 
monthly supply of Al applied via nutrient solution (fertigation) 
to the substrate surface did not enhance the growth of seed-
origin yerba mate seedlings at any tested dosage. However, 
the seedlings exhibited remarkable tolerance to the monthly 
application of Al doses up to 1,000 mg Al3+ per dm-3 of 
substrate, reinforcing the adaptability of yerba mate to acidic 
soils naturally rich in Al. From a physiological perspective, 
while Al is traditionally considered toxic to plants, some 
species exhibit varying degrees of tolerance and even 
potential benefits at low doses (Sun et al., 2020). However, 
in this study, toxicity symptoms became evident at higher 
monthly Al doses (≥ 2,000 mg dm-3), mainly affecting root 
morphology and, consequently, shoot development. The 
lack of beneficial responses to Al supplementation in seed-

Table 2. Mortality of yerba mate plants at 30, 60, 90, and 120 
DAT in response to fertilization and monthly application of 
seven Al³⁺ doses

Fertilizing 
the 

substrate 

Al doses 

(mg dm-3) 
30 

DAE 
60 

DAE 
90 

DAE 
120 
DAE Total 

Without 
fertilization 

0 0 0 0 0 0 
250 0 0 0 0 0 
500 0 0 0 0 0 
1000 0 0 0 0 0 
2000 0 0 7 4 11 
2500 0 9 1 1 11 
3000 0 10 3 1 14 

With 
fertilization 

0 0 0 0 0 0 
250 0 0 0 0 0 
500 0 0 0 0 0 
1000 0 0 0 0 0 
2000 2 1 5 3 11 
2500 1 2 3 5 11 
3000 1 6 3 1 10 
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origin seedlings contrasts with previous findings on clonal 
propagation systems (Benedetti et al., 2017; Ricardi et al., 
2020), emphasizing the need for species- and propagation-
method-dependent research on aluminum’s role in plant 
development.

Beyond the experimental results, this research holds 
significant implications for the sustainable cultivation of 
yerba mate in Southern Brazil. The species plays a crucial 
role in agroforestry systems and small-scale agriculture, 
often cultivated in remnants of Mixed Ombrophilous Forests, 
as occurs in the state of Paraná. The ability of yerba mate 
to thrive in acidic, Al-rich soils without requiring chemical 
soil amendments highlights its ecological importance 
in biodiversity conservation and land-use sustainability. 
Additionally, optimizing fertilization strategies, as 
demonstrated in this study, can improve seedling quality, 
ensuring higher survival rates and better productivity under 
field conditions. This has direct socioeconomic benefits for 
small-scale farmers who depend on yerba mate as a source 
of income. Therefore, while the monthly application of Al via 
nutrient solution does not enhance seedling growth, ensuring 
adequate fertilization and nursery management practices is 
essential for maintaining the viability and sustainability of 
yerba mate cultivation in Brazil.

Conclusions

1. The fertilization of the substrate, using controlled-release 
fertilizer, increased shoot height, collar diameter, biomass 
production in both shoots and roots and the quality of the 
produced yerba mate seedlings.

2. The supply of aluminum (Al) did not exhibit beneficial 
effects on the development of seed-grown yerba mate seedlings, 
except for root fresh volume, which presented a positive 
response to moderate Al doses.

3. Yerba mate seedlings exhibited high tolerance to Al in 
the substrate, withstanding monthly applications of up to 1,000 
mg Al3+ dm-3 without displaying toxicity symptoms.

4. Monthly applications of Al doses starting from 2,000 mg 
dm-3 resulted in severe toxic effects on the yerba mate seedlings.
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