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Abstract: To restore invaded areas, planting fast-growing native species such as Senegalia polyphylla
(DC.) Britton & Rose (Fabaceae) is widely used. However, invasive grasses reduce light availability,
alter fire regimes, and compete for water and nutrients, hindering the growth of native trees. Fer-
tilization practices influence the competition dynamics between natives and invasives by altering
soil fertility. Therefore, this study investigated the effects of mineral and organic fertilization on the
nutritional status and growth of S. polyphylla cultivated during the first 120 days after transplanting.
The experiment was conducted in a completely randomized design comprising five treatments and
four replications, along with the unfertilized control (0–0%) as an additional treatment. Dystrophic
red latosol and different proportions of mineral and organic fertilizers were used. The variables
evaluated included dry mass of aboveground parts and roots, nutrient content in leaves, and nutrient
use efficiency. The results showed that fertilizations with high nutrient concentrations (100–0% and
75–25%) resulted in greater accumulation of N, P, and K in the leaves, while balanced fertilization
(50–50% and 25–75%) led to greater root dry mass. These results emphasize the importance of
strategically choosing fertilizer formulations to promote the healthy development of seedlings in
areas subject to interference from invasive grasses.

Keywords: fertilization; resource allocation; exotic grass; biological invasion; nutrients; forest restoration

1. Introduction

Biological invasions of plants are detrimental to agricultural and natural environments,
being the second leading cause of biodiversity loss worldwide [1]. In Brazil, the Poaceae
family is the most abundant group of invasive species [2], and due to their adaptation
to climatic conditions and high competitiveness, they are harmful invaders in natural
ecosystems [3,4]. These plants can reduce light availability, alter fire regimes, and compete
for water and nutrients, limiting the growth of native trees [5–8].

In the context of restoring invaded areas, planting rapidly growing native species such
as Senegalia polyphylla (DC.) Britton & Rose (Fabaceae) is widely employed [9–12]. However,
grass management is primarily conducted through chemical control [13,14], which can lead
to resurgence before the target species are established [15]. In these systems, fertilization
practices can influence the competition dynamics between natives and invaders by altering
soil fertility [16,17].

Mineral, organic, and combined fertilizations have been applied in forest restoration,
following commercial forestry practices [18]. Few studies have focused on the benefits of
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combining fertilizers for tropical forest restoration [19] and their impacts related to com-
petition with invasive grasses [17]. Mineral fertilizers applied to the soil are immediately
available to plants, and due to their high solubility in water, losses through leaching can
favor invasive species over natives [16,20,21]. Organic fertilization is of slow release, being
more effective in competitive contexts [22], maintaining nutrient availability at adequate
levels for an extended period [23].

Given the high potential of S. polyphylla to restore invaded ecosystems, it is necessary
to investigate which fertilization practices favor its growth and survival and how they may
influence competition with invasive grasses. The hypotheses of this study are as follows:
the gradual release of organic nutrients may benefit the growth of S. polyphylla, which
rapidly creates a canopy and reduces competition with weeds; and the combination of
mineral and organic fertilizers may offer an ideal balance between immediate and sustained
nutrient availability for the species.

Thus, the aim of this study is to evaluate the effects of mineral and organic fertilization
on the nutritional status and growth of Senegalia polyphylla during the first 120 days after
seedling transplantation.

2. Materials and Methods
2.1. Experimental Design and Plant Cultivation

The experiment was conducted in a greenhouse located in Diamantina, Minas Gerais,
Brazil, at coordinates 18◦12′ S and 43◦34′ W, at an altitude of 1370 m. The cultivation
utilized a substrate of dystrophic red latosol, as described by Santos [24], with medium
texture, collected from the surface layer (0–0.20 m). The soil was broken down, air-dried,
and sieved through a 5 mm mesh (see Table 1 for details). For chemical and physical
analyses, a subsample of 15 cm3 was collected and passed through a 2 mm sieve, following
the method of Teixeira [25].

Table 1. Chemical and physical soil analysis before the application of organic and mineral fertilization
treatments.

pH Water P K Ca Mg Al T m V CO Sand Silt Clay

1:2.5 -mg dm−3- ----cmolc dm−3---- --%-- ------------g kg−1-----------

6.0 0.4 15.9 2.5 0.4 0.02 7.1 1 41 1.0 460 230 310

pH water: Soil–water ratio 1:2.5. P and K: Mehlich 1 extractor. Ca, Mg, and Al: KCl extractor 1 mol L-1. T: Cation
exchange capacity at pH 7.0. m: Aluminum saturation. V: Base saturation. CO: Organic carbon using the
Walkey–Black method. Sand, silt, and clay: Pipette method.

Seedlings of Senegalia polyphylla originated from seeds collected in the Private Natural
Heritage Reserve of Fartura, Minas Gerais, Atlantic Forest Biome (15◦30′ S; 39◦50′ W). After
processing, the seeds were planted in tubes containing 0.29 dm3 of a substrate composed of
sterilized soil, carbonized rice husk, and sand (1:1:1). Seedlings with four pairs of leaves
and an average height of 0.08 m were selected. After removal from the tubes, the seedlings
had their roots washed and were transplanted into polyethylene pots containing 6 dm3

of soil.
The experimental design was completely randomized, with five main treatments and

one additional treatment, each with four replications. The treatments consisted of different
proportions of mineral (MF) and organic (OF) fertilizers for S. polyphylla (Table 2). The
additional treatment represented the condition of 0% for both forms of fertilization (0–0%).
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Table 2. Amounts of nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg),
sulfur (S), and organic carbon (OC) applied from mineral (MF) and organic (OF) fertilizers for
Senegalia polyphylla in typical dystrophic red latosol.

MF–OF N P K Ca Mg S CO

--%-- -------------------------mg dm−3------------------------- -----g dm−3-----

0–0 0–0 0–0 0–0 0–0 0–0 0–0 0–0
100–0 50–0 150–0 50–0 383–0 50–0 0.3–0 0–0
75–25 38–39 113–10 38–15 330–110 45–15 0.5–0.2 0.0–0.7
50–50 25–78 75–20 25–35 206–206 35–35 0.4–0.4 0–1.4
25–75 13–117 38–30 13–58 105–317 19–58 0.3–0.8 0–2.1
0–100 0–155 0–40 0–87 0–437 0–87 0–1.3 0–2.7

Mineral fertilization (100–0%) was applied with 50 mg of N (ammonium sulfate),
150 mg of P (single superphosphate), and 50 mg of K (potassium chloride) per dm3 of
soil [26]. Organic fertilization (0–100%) used 5 g of cured cattle manure per dm3 of soil [27].
The nutrients in the organic compost were analyzed using nitroperchloric digestion [28],
showing levels of 3.1% N, 1.8% P, 2.1% K, 12.3% Ca, 2.1% Mg, and 26.1% S. The other
treatments received different proportions of mineral and organic fertilizations, applied
15 days before transplanting the seedlings or planting the grass.

Deionized water was added daily to maintain soil moisture around 60% of the total
pore volume from the fertilization period to the end of the experiment.

2.2. Measured Variables

In the evaluation of variables, aboveground and root parts were collected, washed,
and treated according to Silva [28]. The collected plant material was dried in a forced air
circulation oven at 65 ◦C until constant mass, allowing the determination of the dry mass
of leaves (DML), stem (DMST), total aboveground part (MSPA), and roots (DMR).

The nutrient content in the leaves was determined using sulfuric and nitroperchloric
digestion methods, as per Silva [28]. The total nutrient accumulation in the leaves was
calculated based on the nutrient levels and the dry mass of the leaves.

The efficient use (EU) of nutrients for the production of aboveground mass (MSPA)
was obtained from the ratio between MSPA and the accumulation of N, P, K, Ca, Mg,
and S. To determine sufficiency ranges, leaf tissue analyses were compared with nutri-
tional sufficiency intervals of other species, given the absence of specific values for S.
polyphylla (Table 3). A literature review included studies on fast-growing trees in similar
substrates [29].

Table 3. Sufficiency ranges found in the literature for macronutrients in the leaves of Senegalia
polyphylla.

N P K Ca Mg S

------------------------Sufficiency Ranges (%)------------------------

2.00–3.00 0.10–0.12 1.00–1.20 0.40–0.50 0.15–0.30 0.15–0.20
References: S. polyphylla: N—[30]; P—[31]; K—[32].

To analyze the response of S. polyphylla to different fertilizations, vector analysis was
employed to assess the dry mass and nutritional status of the leaves, expressed in relation
to the control group (0–0%), normalized to 100.

2.3. Statistical Analysis

Statistical analysis used the “ExpDes.pt” package in the R version 4.3.2 environ-
ment [33]. Before ANOVA and regression analyses, data were tested for normality of
distribution using the Shapiro–Wilk test on residuals. All data were confirmed to be nor-
mally distributed. An α = 0.05 was used to determine statistical significance in all analyses.
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To evaluate the impact of the gradual reduction in mineral fertilization and increase
in organic fertilization on the availability and use of nutrients, the leaf content (%) and
efficient use data were subjected to polynomial regression.

To determine if the gradual change impacted the production of dry mass and to
identify which fertilization groups exhibited different results, the Scott–Knott test was
utilized for DML, DMST, DMR, DMSH, and DMT. The Dunnett test was conducted to
determine whether the dry mass from a specific fertilization (F) was significantly higher
than that of no fertilization (0–0%) (C).

3. Results
3.1. Nutrient Use Efficiency Results

The analysis of the responses of Senegalia polyphylla to different fertilization regimes
revealed that the foliar content of nitrogen (N), phosphorus (P), and potassium (K) was
significantly higher with 100% mineral fertilization and 0% organic fertilization (Figure 1).
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Figure 1. Leaf contents (%) of nitrogen (N), phosphorus (P), potassium (K) of Senegalia polyphylla in 
non-competitive cultivation 120 days after transplanting in a substrate containing dystrophic red 
latosol. The solid line (-) represents leaf content values in mineral (MF) and organic (OF) 
fertilizations, the dotted (...) the control (0–0%), and the dashed (--) the upper and lower limits of 
sufficiency ranges. The upper and lower axes, per graph, show the combinations of MF and OF. * 
significant at 5% via the F test. 

Treatments with 100% and 75% mineral fertilization resulted in higher 
concentrations of N, P, and K and consequently greater biomass accumulation in the 
leaves of S. polyphylla. Treatments with 50%, 25%, and 0% mineral fertilization caused 
reductions in nutrient accumulation compared to the control treatment (0–0%) (Figure 2). 
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Figure 1. Leaf contents (%) of nitrogen (N), phosphorus (P), potassium (K) of Senegalia polyphylla in
non-competitive cultivation 120 days after transplanting in a substrate containing dystrophic red
latosol. The solid line (-) represents leaf content values in mineral (MF) and organic (OF) fertilizations,
the dotted (...) the control (0–0%), and the dashed (--) the upper and lower limits of sufficiency ranges.
The upper and lower axes, per graph, show the combinations of MF and OF. * significant at 5% via
the F test.

Treatments with 100% and 75% mineral fertilization resulted in higher concentrations
of N, P, and K and consequently greater biomass accumulation in the leaves of S. polyphylla.
Treatments with 50%, 25%, and 0% mineral fertilization caused reductions in nutrient
accumulation compared to the control treatment (0–0%) (Figure 2).
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Figure 2. Vector diagrams of changes in the dry mass of the aboveground part (DMS), nitrogen (N),
phosphorus (P), and potassium (K) content and accumulation in relation to the unfertilized treatment
(0–0%) of Senegalia polyphylla in non-competitive cultivation 120 days after transplanting in a substrate
containing dystrophic red latosol. Values of the control treatment were normalized to 100%.



Plants 2024, 13, 2420 5 of 9

The use efficiency (EU) of N, P and K to produce dry mass of leaves was higher in
treatments with higher organic fertilization (0–100%) (Figure 3).
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The use efficiency (EU) of N, P and K to produce dry mass of leaves was higher in
treatments with higher organic fertilization (0–100%) (Figure 3).
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Figure 4. Dry mass of leaves (DML), stem (DMST), root (DMR), aboveground/belowground ratio 
DMSH/DMR, and percentage of total dry mass allocation of Senegalia polyphylla in non-competitive 

Figure 3. Efficiency of the use (EU) of nitrogen (EUN), phosphorus (EUP), and potassium (EUK)
by Senegalia polyphylla in non-competitive cultivation at 120 days after transplanting in a substrate
containing dystrophic red latosol. The solid line (-) represents EU values in mineral (MF) and organic
(OF) fertilizations, and the dotted (...), the control (0–0%). The upper and lower axes, per graph, show
the combinations of MF and OF. * significant at 5% via the F test.

3.2. Growth Characteristics Results

The dry leaf mass (DML) was lower in treatments with 100% organic fertilizer. In
treatments with 50% and 75% organic fertilizer, the reduction in dry leaf mass was less
pronounced, and the dry root mass (DMR) was higher, leading to a lower aboveground/root
ratio (DMSH/DMR) (Figure 4).
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DMSH/DMR, and percentage of total dry mass allocation of Senegalia polyphylla in non-competitive 

Figure 4. Dry mass of leaves (DML), stem (DMST), root (DMR), aboveground/belowground ratio
DMSH/DMR, and percentage of total dry mass allocation of Senegalia polyphylla in non-competitive
cultivation at 120 days after transplanting in a substrate containing dystrophic red latosol. The dashed
line (...) represents the dry mass values of the control (0–0%). The upper and lower axes, per graph,
show the combinations of MF and OF. Lowercase letters differ between fertilizations (F) at 5% via
the Scott–Knott test. Uppercase letters differ between fertilizations (F) in relation to the control (C)
(0–0%) at 5% using the Dunnett test.

Figure 3. Efficiency of the use (EU) of nitrogen (EUN), phosphorus (EUP), and potassium (EUK)
by Senegalia polyphylla in non-competitive cultivation at 120 days after transplanting in a substrate
containing dystrophic red latosol. The solid line (-) represents EU values in mineral (MF) and organic
(OF) fertilizations, and the dotted (...), the control (0–0%). The upper and lower axes, per graph, show
the combinations of MF and OF. * significant at 5% via the F test.

3.2. Growth Characteristics Results

The dry leaf mass (DML) was lower in treatments with 100% organic fertilizer. In
treatments with 50% and 75% organic fertilizer, the reduction in dry leaf mass was less
pronounced, and the dry root mass (DMR) was higher, leading to a lower aboveground/root
ratio (DMSH/DMR) (Figure 4).
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Figure 4. Dry mass of leaves (DML), stem (DMST), root (DMR), aboveground/belowground ratio 
DMSH/DMR, and percentage of total dry mass allocation of Senegalia polyphylla in non-competitive 

Figure 4. Dry mass of leaves (DML), stem (DMST), root (DMR), aboveground/belowground ratio
DMSH/DMR, and percentage of total dry mass allocation of Senegalia polyphylla in non-competitive
cultivation at 120 days after transplanting in a substrate containing dystrophic red latosol. The dashed
line (...) represents the dry mass values of the control (0–0%). The upper and lower axes, per graph,
show the combinations of MF and OF. Lowercase letters differ between fertilizations (F) at 5% via
the Scott–Knott test. Uppercase letters differ between fertilizations (F) in relation to the control (C)
(0–0%) at 5% using the Dunnett test.



Plants 2024, 13, 2420 6 of 9

Images of Senegalia polyphylla were acquired 120 days after transplantation in a sub-
strate composed of dystrophic red latosol with varying proportions of mineral and organic
fertilizers (Figure 5).
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4. Discussion
4.1. Nutrient Use Efficiency

The foliar content of N, P, and K was higher with mineral fertilization (100–0%). This
occurred because mineral fertilizers are generally composed of water-soluble salts that pro-
vide nutrients immediately and in high concentrations, without relying on decomposition
or mineralization processes [20]. This rapid availability results in an elevated absorption
of N, P, and K, promoting a quick increase in foliar nutrient levels. However, elevated
foliar nutrient levels with mineral fertilization are not always related to efficient resource
use, potentially resulting in losses through leaching [21,34]. Additionally, the immediate
provision of nutrients leads to reduced investment in the development of extensive root
systems, as nutrients are readily accessible [35].

Treatments subjected to 50%, 25%, and 0% mineral fertilization had reductions in N, P,
and K in the leaves compared to the control. This can be attributed to the lower immediate
availability of these nutrients in the soil. With the reduction in the proportion of mineral
fertilizers, the amount of readily soluble and available nutrients for plant absorption is
also reduced [22,23]. The concentration of nutrients in the leaves is essential for allowing
plants to accumulate reserves during periods of high availability and gradually release
them during scarcity to sustain growth [36]. Therefore, the excessive use of fertilizers is
common to increase the survival of native tree seedlings and reduce competition from
invasive grasses in forest restoration [16,21].

The efficiency of the use of N, P, and K was higher in treatments with organic fertiliza-
tion. This occurred because, generally with nutrient scarcity, greater efficiency with their
use is observed [34,37]. Organic fertilization, compared to mineral fertilization, allows a
slow release of nutrients; thus, N, P, and K are not immediately available to S. polyphylla [38].
These characteristics favor root growth in the species, aiming for greater soil exploration,
absorption, and nutrient use [35,39]. On the other hand, mineral fertilization provides
nutrients immediately, which may not be fully utilized by the plant, thus reducing the
efficiency of the use of N, P, and K in these treatments [40].

4.2. Growth Characteristics

The lower dry leaf mass in the 100% organic fertilization treatment and the increased
root dry mass in the treatments with 50% and 75% organic fertilizer can be explained by
the functional balance hypothesis. This hypothesis suggests a preferential allocation of re-
sources to the root system when nutrients become limiting for growth [41], correlating with
the slow nutrient release in organic fertilization. Allocating resources to root development
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can facilitate the exploration of deeper soil layers, providing a competitive advantage to
tree seedlings during the initial stages of development [42,43].

Given the presence of invasive grasses, fertilization plays a crucial role in determining
the initial success of forest restoration and the establishment of seedlings in the field [44].
The rapid establishment of a canopy is a primary goal in tropical forest restoration, as
reducing light availability in the understory inhibits the growth of shade-intolerant invasive
grasses [36]. Therefore, the strategic application of fertilizers can boost the initial growth
of trees [45]; however, it is necessary to consider the variations in the individual species’
responses [9,46].

Considering the persistence of invasive grasses and the lack of internal nutrient
reserves in S. polyphylla, additional nutrient supplementation, especially in the early stages
of planting, may be a viable strategy to sustain growth and minimize competition from
invasive plants. The slow-release nature of organic fertilizers can ensure a steady supply of
nutrients, promoting a more balanced growth that includes extensive root development, which
is crucial for long-term sustainability and a competitive advantage in invaded ecosystems.

5. Conclusions

This study evaluated the effects of mineral and organic fertilization on the nutritional
status and growth of S. polyphylla, highlighting that mineral fertilization resulted in greater
foliar nutrient accumulation and biomass. In contrast, organic fertilization promoted higher
nutrient use efficiency, favoring the development of the root system and enabling more
efficient soil exploration. These findings indicate that the strategic combination of fertilizers
can optimize the initial growth of S. polyphylla, reducing competition with invasive grasses
and promoting more sustainable forest restoration.

Thus, the application of fertilizers should be carefully planned to maximize nutrient
use efficiency and ensure balanced plant growth, focusing both on rapid canopy for-
mation and root development. The use of organic fertilizers can ensure a continuous
supply of nutrients, essential for long-term sustainability and a competitive advantage in
invaded ecosystems.
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