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A B S T R A C T

Acacia melanoxylon is considered an invasive tree species in Argentina, particularly within the Tandilia Hill 
System, where it has rapidly expanded, affecting native grassland ecosystems. The aim of this study was to 
evaluate the chemical control of this invasive species within a Private Natural Reserve located in the Tandilia Hill 
System and to assess the natural succession of vegetation after tree removal. To achieve this, an experiment was 
conducted using a Randomized Complete Block Design with four replications and four treatments. In three 
treatments, different herbicides were applied, while one treatment served as a control. From November 2016 to 
October 2018, vegetation species were recorded. The variables analyzed included green foliar coverage of the 
acacias, green foliar coverage of the Poaceae assemblage, and vascular species richness. Significant differences in 
green foliar coverage of acacias were detected between treatments on all sampling dates. An increase in the 
average green foliar coverage of the Poaceae assemblage was observed in the Picloram + Triclopyr treatment. No 
significant differences in species richness were detected between treatments at the final sampling date. This study 
demonstrated the effectiveness of the chemical treatments in controlling young A. melanoxylon trees. Further-
more, after a considerable time had passed since the application of the treatments, the Poaceae group and the 
percentage of native species were not negatively affected. This suggests that chemical control can not only be 
useful for managing this invasive tree species but can also contribute to the recovery of native ecosystems in the 
Tandilia Hill System.

1. Introduction

Biological invasions, along with other drivers of ecosystem degra-
dation (e.g., habitat exploitation, environmental pollution, climate 
change, loss of pollinators and other species), constitute the central 
component of global change and a major threat to biodiversity, human 
health, and food security (Pysek & Richardson, 2010; Jeschke et al., 
2014; Zalba & Amadeo, 2017; Van Kleunen, 2018; Pyšek, 2020; Liu, 
2021). These invasions cause changes in terrestrial biota, modifying the 
roles of native species, altering evolutionary processes, and leading to 
changes in the abundance and richness of native species, including their 
extinctions (Vitousek, D́Antonio, Loope, & Westbrooks, 1996; Mack 
et al., 2000; Beaury, 2023; Carneiro, 2024).

The Pampa Biome (Fig. 1A-B), historically characterized by natural 

grassland communities (Cabrera, 1968; Cabrera & Zardini, 1978; Baldi 
2006; Scottá & Da Fonseca, 2015), has experienced fragmentation and 
replacement over the last century due to the expansion of agriculture, 
livestock farming, and forestry, among other anthropogenic activities 
(Baldi 2006; Isacch et al., 2017; Yezzi et al., 2020). In this sense, the 
original grasslands have suffered the introduction of exotic species, such 
as the invasive Gleditsia triacanthos, Pinus halepensis, Rubus ulmifolius and 
Spartium junceum, among others, which has led to the disappearance of 
original plant communities (Zalba & Villamil, 2002; Zalba et al., 2008; 
Mazzolari et al., 2011; Sanhueza & Zalba, 2012; Fernandez et al., 2017). 
In particular, in Buenos Aires Province (Argentina), the Ventania and 
Tandilia hill systems (Fig. 1B) act as biodiversity refuges (Echeverría 
et al., 2017), providing shelter for native flora and fauna species 
(Echeverría et al., 2017; Isacch et al., 2017; Vera et al., 2020; Aranguren 
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et al., 2023). However, these hill areas are threatened by the presence of 
invasive woody plants that replace native grasslands and homogenize 
the landscape (Zalba &Villamil, 2002; De Rito et al., 2020; Echeverría 
et al., 2023).

Acacia melanoxylon R. Br. (Racosperma melanoxylon), known as 
“Blackwood,” is a perennial tree species belonging to the Fabaceae 
family, native to Australia and Tasmania (Dodet & Collet 2012; 
Richardson, 2015; Hussain et al., 2020). Invasions caused by this species 
have been reported in Spain, Portugal, New Zealand, Australia, South 
Africa, North America, and Argentina (Ghersa et al., 2002; Richardson & 
Rejmanek, 2011; De Rito et al., 2020). This evergreen species reduces 
light availability for understory plants and releases allelopathic sub-
stances from its flowers and phyllodes, which alter the soil environment. 
Consequently, this significantly reduces the germination and growth of 
native seedlings (Arán et al., 2013; 2017; Kiptoo & Kiyapi, 2022). 
Additionally, like other species in the Acacia Mill. genus, its seeds can 
remain viable in the soil seed bank for many years, and their germina-
tion is stimulated by occasional fires that scarify the seed coat and 
significantly increase the germination rate (Arán et al., 2013). Another 
feature that enhances its invasiveness is its ability to reproduce asexually 
through gemmiferous roots (D́Alfonso, 2026) and the presence of shoots 
that facilitate the establishment of clonal populations (Souza-Alonso 
et al., 2017). Additionally, this species can impact the entire ecosystem 

due to its high water consumption, which can disrupt the hydrological 
balance (Jiménez et al., 2010). In Argentina, the distribution of 
A. melanoxylon was promoted by humans in forestry plantings (Martínez 
Crovetto, 1947; Carranza, 2007). Currently, this species is found in the 
wild in grasslands of the Tandilia system, having successfully invaded 
various parts of the hills (De Rito et al., 2020; Echeverría et al., 2023; 
Gandini et al., 2019; Wraage, 2023; Zaninovich et al., 2023; D́Alfonso, 
2026).

Research conducted in various parts of the world have demonstrated 
effectiveness of certain chemical products in combating and eradicating 
invasive tree species of the genus Acacia (Campos et al., 2002; 
Richardson et al., 2006; Rodrigues Santos & Monteiro, 2007; Souza- 
Alonso, 2013). Rodrigues Santos & Monteiro, 2007 indicated that the 
application of Glyphosate on the stumps of specimens of Acacia mela-
noxylon and A. dealbata showed effectiveness in the control of these 
species, followed by Triclopyr and Metsulfuron-methyl, also applied on 
stumps. On the other hand, Campos, et al. (2002) determined that using 
Triclopyr on the stumps immediately after cutting is extremely effective 
for the control of A. melanoxylon. The effectiveness of Triclopyr was also 
proven in the invasive species A. dealbata by Souza-Alonso (2013). On 
the other hand, the combination of Glyphosate and Metsulfuron-methyl 
turned out to be effective in controlling Acacia mearnsi and 
A. melanoxylon, reducing and eradicating the cover of these species 

Fig. 1. A: Map of South America (dark gray), showing the delimitation of the Pampa biome (light gray), modified from Scottá and Da Fonseca (2015), and Buenos 
Aires Province (dotted line); B: Buenos Aires Province with the delimitation of the Ventania and Tandilia Hill Systems and Paititi Natural Reserve (PNR); C: Aerial 
photo of the “Sierra Chica”; D: Photo of Acacia melanoxylon trees invading a hill grassland of the PNR.
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(Richardson et al., 2006).
Considering that the invasion by A. melanoxylon threatens the 

biodiversity of the grasslands in the Pampa Biome and the effectiveness 
that certain chemical products have shown in controlling other woody 
species of the Fabaceae family, the objectives of the present work were: 
1- to analyze the effectiveness of different herbicides for the control of 
A. melanoxylon in a hill ecosystem of the Tandilia System; 2- to examine 
the different stages of vegetative succession following the application of 
these treatments.

2. Materials and methods

2.1. Study Area

The study was conducted in a hill grassland ecosystem of the Paititi 
Natural Reserve (PNR), named “Sierra Chica”, which has an area of 26 
ha (Fig. 1 A-C). The PNR is located in the southeastern Tandilia Hill 
System, on the southeast flank of “Sierra De Difuntos” (37◦ 54′ S − 57◦

49′ W; geodetic datum WGS84), belonging to the orographic group of 
“Sierras de Mar del Plata” (Guazzelli, 1999). Sierra Chica is oriented N-S, 
with a maximum elevation of 156 m and a minimum of 86 m above sea 
level. The hill blocks are mainly composed of a crystalline basement on 
which Eopaleozoic sediments were deposited, allowing the development 
of Molisol soils (Osterrieth & Cabria, 1995; Dalla Salda et al., 2006).

The climate of the region is humid-subhumid, mesothermal, with low 
water deficiency, noticeable seasonal variation in temperature, and a 
short cold period. It is characterized by maritime temperate conditions 
ranging between 32 ◦C and below 0 ◦C, with a mean annual temperature 
of 14 ◦C. Rainfall is usually distributed throughout the year with an 
average of 850 mm per year (Falasca, 2000; INTA, 2020).

The flora of the study area is represented by herbs, mainly from the 
Poaceae family − Paspalum quadrifarium and species from the genera 
Poa, Chascolytrum, Melica, Piptochaetum and Nassella. Thus, the charac-
teristic vegetation forms grasslands. However, shrubs are also found 
forming shrubland communities with Baccharis dracunculifolia ssp. tan-
dilensis, B. articulata, B. coridifolia, Coletia paradoxa and Dodonaea viscosa 
(Echeverría et al. 2017; 2023; 2024). Additionally, some sectors of the 
northern slope are invaded by Acacia melanoxylon (Fig. 1 C-D) 
(Echeverría et al., 2023; Zaninovich et al., 2023).

2.2. Experimental design and data collection

In November 2016, an experiment was set up following a Random-
ized Complete Block Design (RCBD) with four replications and four 

treatments. The blocking criterion used was the altitudinal gradient of 
the north slope, and the blocks were named Base, Slope, Pampa, and Top 
(Fig. 2A).

In each block, four plots of 9 m2 were delineated (Fig. 2B), to which 
four treatments were assigned: in three of them, different herbicides 
were applied to A. melanoxylon young plants, while one remained as a 
control treatment. In each plot, the coverage of A. melanoxylon was 
similar (approximately 30 %), and the specimens of this species had a 
total height less than 1.5 m and a diameter at breast height (DBH) less 
than 6 cm. The chemical treatments consisted on the application of the 
following herbicides to the A. melanoxylon plants: 

- 0.007 % Metsulfuron (60 % a.i. Metsulfuron-methyl, Metsulfuron 60 
WG-InsuAgro; 1.05 g Metsulfuron 60 WG-InsuAgro in 15 l of water), 
treatment named “Metsulfuron”;

- a combination of 0.005 % Metsulfuron with 2 % Glyphosate (60 % a. 
i. Metsulfuron-methyl, Metsulfuron 60 WG-InsuAgro, and 48 % a.i. 
Glyphosate, Glifoglex-Gleba; 0.75 g of Metsulfuron 60 WG-InsuAgro 
and 0.3 kg of Glifoglex-Gleba in 15 l of water), named “Metsulfuron +
Glyphosate”;

- 6 % Picloram and Triclopyr (3 % a.i. Picloram and 6 % a.i. Triclopyr, 
Togar ® BT- Dow Agro Science; 0.9 l of Togar® BT Dow Agro Science in 
15 l of diesel oil), named “Picloram + Triclopyr”.

No adjuvants were added to the application solutions in any of the 
treatments. The herbicides were applied using 15 l capacity backpack 
sprayers that had a lance and at the end a hollow cone nozzle. The ap-
plications were made until the plants reached the “point of runoff” to 
maximize contact of herbicides with plants foliage.

From the application of the products, in November 2016, until mid- 
October 2018, records were taken on nine dates (November and 
December 2016, January, February, May, July, September 2017, May 
and October 2018), corresponding to 0, 31, 61, 95, 154, 224, 288, 542, 
and 699 days after treatment application (DAA). The variables recorded 
in each plot were green foliar coverage of the acacias (GCA) and green 
foliar coverage of Poaceae assemble (GCP), which were determined by 
visual assessment. Additionally, the richness of vascular species was 
recorded. The species surveyed were determined based on the following 
flora book collections: Flora of the Province of Buenos Aires (Cabrera, 
1963, 1965a, 1965b, 1967, 1968, and 1970) and Flora Argentina 
(Zuloaga et al., 2012a; b; 2014a; b). Scientific names were updated 
based on the Flora Argentina database (https://www.floraargentina. 
edu.ar/). For each species, the botanical family, life cycle (annual or 
perennial), and origin (exotic or native) were determined.

Fig. 2. A: Orographic profile reflecting the altitudinal gradient of the study area and the location of the four blocks (“Base”, “Slope”, “Pampa”, and “Top”); B: Photo 
of a replicate (plot) before applying the treatments.
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2.3. Data Analysis

With the data from each variable (GCA, GCP and vascular species 
richness), the equality of variance was corroborated using Levene’s test 
(p > 0.05) and a residuals vs. fitted plot. The normal distribution of data 
was also corroborated using Shapiro-Wilk normality test (p > 0.05) and 
a normal Q-Q plot. After corroborating the homogeneity of variances 
and the normal distribution of the data, univariate analyses were per-
formed using a linear model with repeated measures over time for the 
variables GCA, GCP, and vascular species richness. Analyses of Variance 
(ANOVA) were performed, and when the interaction between treatment 
and observation date (or days after treatment application) was signifi-
cant (α = 0.05), further analysis was conducted with an ANOVA by date. 
Treatment means were compared using the Tukey test for a significance 
level of α = 0.05 at each date.

To determine the relationship between the plots under study based 
on the species surveyed at the initial (0 DAA) and final (699 DAA) 
sampling dates, multivariate analyses were performed. For this, Prin-
cipal Coordinates Analyses (PCoA) were conducted on the presence/ 
absence records of each species in the plots using the Jaccard similarity 
coefficient to develop the distance matrices (Cuadras, 2014).

All analyses were performed using the InfoStat software (Di Rienzo 
et al. 2016).

3. Results

3.1. Green foliar coverage of the acacias (GCA)

The effect of the herbicides on the acacias became evident at 31 DAA 
and continued to be evident during the subsequent sampling dates 
(Figs. 3 and 4). The treatment × date interaction for the GCA variable 
was significant (p < 0.001). Upon detecting interaction, the behavior of 
the treatments was analyzed at each sampling date. Except for the first 
sampling date (0 DAA), significant differences in GCA between the 
treatments were detected on all dates.

From 31 DAA, the highest GCA values were recorded in the control 
treatment, reaching an average GCA of approximately 89 % at the end of 
the sampling period (699 DAA) (Figs. 3, 4, and 5). It is important to note 
that in the final sampling date, the GCA percentage varied from 80 to 
100 %, with the soil surface of the control plot in the slope block covered 
only by a layer of dry phyllodes of A. melanoxylon. Additionally, from 31 
DAA until the end of the sampling period, the GCA value in the Met-
sulfuron + Glyphosate treatment plots was 0 %, and this treatment 
differed significantly from the control (Figs. 4 and 5). The Picloram +
Triclopyr treatment exhibited a similar behavior to Metsulfuron +
Glyphosate, except on the 95 DAA sampling date, where a mean GCA of 
3.4 % was recorded, and thus it did not differ significantly from the other 
treatments (Fig. 4). Regarding the Metsulfuron treatment, it is important 
to clarify that the application of this treatment was inadequate. This 
situation was evident in the successive post-application dates as some 
branches in the Base and Slope blocks showed no signs of herbicide 

Fig. 3. Appearance of experimental plots on December 20th, 2016 (31 DAA). A: Control; B: Metsulfuron (white arrows indicate unintended herbicide application 
errors); C: Metsulfuron + Glyphosate; D: Picloram + Triclopyr.
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damage (Fig. 3B). Thus, this treatment showed intermediate behavior 
between the control and the other chemical treatments; from 154 DAA it 
differed significantly from the control and, on the last sampling date, 
with an average GCA value of 26.3 %, it differed significantly from the 
other chemical treatments (Fig. 4).

3.2. Green foliar coverage of Poaceae (GCP)

The treatment × date interaction for the GCP variable was significant 
(p < 0.001). When performing an ANOVA by date, significant differ-
ences were detected on all dates except for date 1 (Fig. 6).

After the application of herbicides, a periodic reduction in the 
average GCP over time was observed in the control treatment, reaching 
the lowest value recorded in the study on the last sampling date (699 
DAA). Comparing the average GCP of this treatment at the beginning 
and end of the trial, it was reduced by approximately 90 % (from 62.5 % 
at 0 DAA to 6.3 % at 699 DAA). From 31 DAA to 95 DAA, the Metsul-
furon + Glyphosate treatment differed significantly from the other 
treatments, exhibiting the lowest average GCP values, ranging from 6.3 
% GCP at 31 DAA to 14.3 % at 95 DAA. Additionally, in this treatment, 
the recorded GCP was less than half of what was recorded in the other 
treatments and days after considered application. From 224 DAA until 
the end of the trial, the GCP of the Metsulfuron + Glyphosate treatment 
did not differ significantly from the control or the Metsulfuron treat-
ment. After 61 DAA, a progressive increase in the average GCP over time 
was recorded in the Picloram + Triclopyr treatment, reaching the 
highest value of the study on the last sampling date (81.3 %). Thus, on 
the last two sampling dates, it differed significantly from the control 
treatment. For the Metsulfuron treatment, intermediate average GCP 
values were recorded throughout the study compared to the other 
treatments. This situation was clearer from 224 DAA onwards, where it 
did not differ significantly from the other treatments (Fig. 6).

3.3. Identified vascular flora and its evolution over time after the 
application of treatments

3.3.1. Overview of vascular flora
During the surveys conducted, a total of 50 vascular plant species 

were recorded in the experimental plots (Table 1). The identified species 
belong to 24 botanical families, with the most represented being 
Asteraceae (26 %) and Poaceae (18 %), followed by Fabaceae (8 %) and 
Solanaceae (6 %), and to a lesser extent by Amaryllidaceae (4 %). The 
species Blechnum auriculatum Cav. and Pteridium esculentum (G. Fost.) 
Cockayne var. arachnoideum were the only ones belonging to the fern 
group.

The overall percentage of native species considerably exceeded that 
of exotic species (72 % natives vs. 28 % exotics). The higher represen-
tation of native species was maintained throughout all the sampling 
dates (Fig. 7A). Comparing the average number of native species at the 
beginning and end of the trial, the average remained similar (six species 
vs. five species), while the average number of exotic species slightly 
decreased (three species vs. one species), although on both dates there 
were notable deviations from the mean (Fig. 7A), revealing variability 
among the plots. Additionally, the overall percentage of perennial spe-
cies was significantly higher than that of annual species (78 % peren-
nials vs. 22 % annuals). The higher representation of perennials was 
maintained throughout all the sampling dates, although it decreased in 
the later dates as 7.8 species were recorded at 0 DAA and 4.5 species at 
699 DAA; on both dates, there were notable deviations from the mean, 
revealing variability among the plots. Moreover, comparing the average 
number of annual species on the first and last sampling dates, there were 
no notable changes, with 1.5 species and 1.9 species, respectively 
(Fig. 7B). It is worth noting that due to the high GCA recorded in the 
control treatment plots on the last sampling dates, much lower native 
species richness values were recorded than at the beginning of the trial, 
even recording only A. melanoxylon in one of the plots, as previously 
mentioned.

The PCoA performed to analyze the relationship between the study 
plots based on the species surveyed at 0 DAA is presented in Fig. 8A. The 
first two coordinates explained 25.3 % of the total variance. In this 
figure, the plots of the same block are very close to each other, reflecting 
the similarity between them, particularly the low similarity between the 
plots of the Base (right) and Pampa (left) blocks. In contrast, the plots 
corresponding to the Top and Slope blocks, which had intermediate 
similarity, generally resembled those of the Pampa and Base blocks, 
respectively.

Fig. 4. Mean percentage of green foliar coverage of Acacia melanoxylon per treatment on nine sampling dates expressed in days after treatment application (DAA). 
The vertical bars indicate standard deviation. Equal letters within the same date indicate non-significant differences, p-value > 0.05.
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Fig. 5. Appearance of experimental plots on October 19th, 2018 (699 DAA). A: Control; B: Metsulfuron; C: Metsulfuron + Glyphosate; D: Picloram + Triclopyr.
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In Fig. 8, the resulting graph from the PCoA performed to analyze the 
relationship between the study plots based on the species surveyed 
corresponding to the final sampling date (699 DAA) is also observed. 
The first two coordinates explain 28.5 % of the total variance. Unlike 
what was observed for 0 DAA, not all plots of the same block are close to 
each other, reflecting less similarity between them compared to the 
initial sampling date. What can be observed is a marked separation of 
the control treatment plots (towards the left side of the graph) compared 
to the plots treated with Metsulfuron + Glyphosate (located towards the 
right side of the graph).

3.3.2. Richness Analysis after the application of treatments
The treatment × date interaction for the richness variable was sig-

nificant (p < 0.001), and when performing an ANOVA by date, signifi-
cant differences were detected on two of them: 31 and 61 DAA (Fig. 9). 
In this way, at 31 DAA, the richness of the Metsulfuron + Glyphosate 
treatment differed significantly from the other treatments and presented 
the lowest average species richness records (0.75 species vs. 5–6 spe-
cies); even the plots at the base and the top showed an absolute absence 
of living plant species. Meanwhile, at 61 DAA, the Metsulfuron +
Glyphosate and Picloram + Triclopyr treatments exhibited the lowest 
average species richness records and differed significantly from the 
Metsulfuron and control treatments (1.75 species Metsulfuron +

Glyphosate and 4.75 species Picloram + Triclopyr vs. 5.75 species 
Metsulfuron and 7 species control) (Fig. 9). For the remaining dates, no 
significant differences were detected between the means of the different 
treatments for this variable, although significant variation within each 
treatment was recorded, as can be seen from the estimated standard 
deviations for each treatment (Fig. 9). After 23 months, the average 
number of species, regardless of the treatment considered, decreased by 
40 %, with an average of 9.4 species for the initial date and 5.7 species 
for the final date (Fig. 9).

Although no significant differences between treatments were detec-
ted for the final sampling date (699 DAA) for the species richness vari-
able, it is worth mentioning that regardless of the herbicide, the 
percentage of native species exceeded that of exotic species by more 
than 60 % (data not shown), and the control plot of the Slope block was 
monospecific, presenting only A. melanoxylon.

4. Discussion

4.1. Effectiveness of treatments for controlling Acacia melanoxylon

Due to the threat posed by biological invasions, understanding the 
biology of invasive woody species, their impact on native communities, 
their control, and eradication in invaded areas is crucial for biodiversity 
conservation and ecosystem sustainability worldwide (Mack et al., 
2000; Zalba & Villamil, 2002; Van Wilgen & Wilson, 2018; Brancatelli 
et al., 2020).

In this study, all chemical treatments were observed to be effective in 
controlling Acacia melanoxylon, with Metsulfuron + Glyphosate and 
Picloram + Triclopyr treatments showing the best results, as no green 
coverage of acacia was recorded over time in the plots under these 
treatments. Regarding the Metsulfuron treatment, results reflected a 
lower average percentage of green acacia cover (GCA) compared to the 
Control treatment for all study dates, although there was not a complete 
absence of acacia in all plots. This situation is linked to unintended 
application errors of the herbicide, more evident in the last sampling 
date, where correctly treated plots completely eliminated the green 
cover of acacia. Papa & Massaro (2005) emphasize that small errors in 
the dosage or application of this herbicide can significantly alter results 
due to lack or excess of the product. Therefore, it could be inferred that 
the effectiveness level of Metsulfuron on acacias would have been 
possibly the same as for the other chemical treatments if the application 
had been correct.

This trial recorded a significant reduction in the green foliar cover of 
A. melanoxylon plants following the application of the selected chemical 
treatments. Campos et al. (2002), Rodrigues Santos & Monteiro (2007)
and Souza-Alonso (2013) reported declines in growth and, over time, 
the death of Acacia species specimens after using herbicides, mostly 
applied on previously cut plants (stumps) and sometimes repeated. The 
final results obtained in this work for controlling A. melanoxylon were 
similar to those obtained by these researchers, although in this case, the 
application was done only once and on standing plants. Considering that 
the environment invaded by A. melanoxylon in the PNR is characterized 
by areas with steep slopes and exposed rock that hinder transit and 
access to invaded zones, the fact of not cutting the plants and applying 
the herbicide directly on the standing plant, only once, would represent 
an advantage as it speeds up their control.

Fig. 6. Mean green foliar coverage of Poaceae per treatment on nine sampling dates expressed in days after the application of the treatments (DAA). Vertical bars 
indicate standard deviation. Equal letters within the same date indicate non-significant differences, p-value > 0.05.
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4.2. Effect of treatments on green Poaceae coverage (GCP) over time

Considering the Control treatment, during the early stages of suc-
cession, GCP did not differ from the rest of the treatments, except for the 
Metsulfuron + Glyphosate treatment. In these early stages, the Control 
treatment had a GCP percentage over 50 %. Over time, the Control 
showed intermediate behavior compared to other treatments and, to-
wards the end, completely differed from the rest due to a considerable 
decrease in GCP. This behavior could be explained by the active growth 
of untreated A. melanoxylon, generating shade in the understory and 
reducing the photosynthetic capacity of grasses (Woledge, 1978; 
Assuero & Tognetti, 2010). Moreover, the litter of A. melanoxylon could 
have inhibited the growth of Poaceae due to its allelopathic effects 
(González et al., 1995), contributing to the reduction of GCP.

In the plots under Metsulfuron + Glyphosate treatment, GCP dras-
tically decreased from 31 DDA and remained low during successive 
dates, except for the last dates where it increased again. The drastic 
decrease in GCP from 31 DDA is likely due to the effect of these herbi-
cides on the lower stratum vegetation of A. melanoxylon. Metsulfuron- 
methyl, being a systemic herbicide, controls dicot species, known as 
“broadleaf species” (Table 1), as well as ferns (Arizatela et al., 2008). On 
the other hand, Glyphosate, being a non-selective systemic herbicide 
with a broad spectrum, can eliminate herbs, shrubs, and trees (Tu & 
Randall, 2001). During the application of this treatment, the dripping of 
these herbicides from the acacia foliage affected the lower stratum flora, 
causing the death of Poaceae tillers a few days after application. The 
increase in GCP recorded in plots under this treatment in subsequent 
samplings could be due to the elimination of A. melanoxylon foliage and 
big Poaceae plants, Paspalum quadrifarium in particular. This situation 
could have created favorable environmental conditions for other species 
of this family, which were growing under the canopy of P. quadrifarium 
or in the seed bank, enhancing their germination and/or growth and 
development, thereby increasing the vegetation cover of this species 
group.

Table 1 
Vascular species surveyed in the study area (Tandilia Hill System, Argentina).

Group of 
vascular 
plant

Family Species Origen Cycle

Ferns Blechnaceae Blechnum 
auriculatum Cav.

Native Perennial

 Dennstaedtiaceae Pteridium esculentum 
(G. Forst.) 
Cockayne var. 
aracnoideum

Native Perennial

Angiosperms Apiaceae* Eryngium sp. Native Perennial
 Asteraceae* Ambrosia tenuifolia 

Spreng
Native Perennial

  Baccharis 
dracunculifolia DC.

Native Perennial

  Carduus acanthoides 
L.

Exotic Annual

  Chrysolaena flexuosa 
(Sims) H. Rob.

Native Perennial

  Chromolaena sp. Native Perennial
  Cirsium vulgare 

(Savi) Ten.
Exotic Annual

  Crepis capillaris (L.) 
Wallr.

Exotic Annual

  Conyza sp. Native Annual
  Helminthotheca 

echioides (L.) Holub
Exotic Perennial

  Hypochaeris 
chillensis (Kunth) 
Hieron.

Native Perennial

  Senecio 
madagascariensis 
Poir.

Exotic Perennial

  Senecio selloi 
(Spreng.) DC.

Native Perennial

 Brassicaceae* Nasturtium officinale 
W. T. Aiton

Exotic Perennial

 Caryophyllaceae* Spergula sp. Native Annual
 Convolvulaceae* Convolvulus 

hermanniae Ĺ Hor.
Native Perennial

 Cucurbitaceae* Cucurbitella asperata 
(Gillies ex Hook & 
Am) Walp

Native Perennial

 Fabaceae* Acacia melanoxylon 
R. Br. 
(=Rancosperma 
melanoxylon (R. Br.) 
Pedley)

Exotic Perennial

  Lathyrus pubescens 
Hook. And Arn.

Native Perennial

  Vicia nana Vogel Native Annual
 Geraniaceae* Geranium 

robertianum L.
Exotic Annual

 Lamiaceae* Ballota nigra L. 
subsp. foetida Hayek

Exotic Perennial

 Lythraceae* Cuphea glutinosa 
Cham. And Schltdl.

Native Perennial

 Malvaceae* Pavonia cymbalaria 
A. St. Hil. & Naudin

Native Perennial

  Sida rhombifolia L. Native Perennial
 Passifloraceae* Passiflora caerulea L. Native Perennial
 Primulaceae* Anagalis arvensis L. Exotic Annual
 Rhamnacea* Colletia paradoxa 

(Spreng.) Escal.
Native Perennial

 Sapindaceae* Dodonaea viscosa 
Jacq.

Exotic Perennial

 Scrophulariaceae* Buddleja thyrsoides 
Lam.

Native Perennial

 Solanaceae* Salpichroa 
organifolia (Lam.) 
Baill.

Native Perennial

  Solanum 
chenopodioides Lam.

Native Perennial

  Solanum 
commersonii Dunal 
ex Poir.

Native Perennial

Table 1 (continued )

Group of 
vascular 
plant 

Family Species Origen Cycle

 Verbenaceae* Verbena intermedia 
Gillies and Hook. Ex 
Hook. Phil.

Native Perennial

 Amaryllidaceae ** Allium triquetrum L. Exotic Perennial
  Zephiranthes bifida 

(Herb.) Nic. García
Native Perennial

 Cyperaceae ** Carex sp. Native Perennial
 Poaceae ** Briza minor L. Exotic Annual
  Chascolytrum rufum 

J. Presl
Native Perennial

  Dichanthelium 
sabulorum (Lam.) 
Gould and C. A.

Native Perennial

  Holcus lanatus L. Exotic Perennial
  Nassella 

megapotamia 
(Spreng. Ex Trin.) 
Barkworth

Native Perennial

  Paspalum 
quadrifarium Lam.

Native Perennial

  Piptochaetium 
montevidense 
(Spreng.) Parodi

Native Perennial

  Setaria vaginata 
Spreng. var. 
bonariensis Nicora.

Native Annual

  Sorghastrum pellitum 
(Hack.) Parodi

Native Perennial

  Vulpia bromoides 
(L.) Gray

Exotic Annual

(*dicot species; ** monocot species).
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Regarding the plots that received the Metsulfuron treatment, in the 
initial and intermediate dates, Poaceae cover was high. This could be 
due to the fact that, as previously mentioned, it is a selective herbicide 
for dicot species and ferns (Bedmar et al., 2006; Arizatela et al., 2008), 
promoting the growth of Monocotyledoneae species, such as Poaceae 
and Cyperaceae (Arizatela et al., 2008). However, in the last measure-
ments, decreases in GCP were evident, possibly due to unintended errors 
in herbicide application, allowing some A. melanoxylon plants to remain 
alive and generate shading and allelopathy conditions in those plots, 
hindering the growth of lower stratum Poaceae species.

In the case of plots that received the Picloram + Triclopyr treatment, 
an increase in Poaceae cover was observed in the intermediate and final 
dates. This could be due to both Picloram and Triclopyr being selective 
herbicides used to control a wide variety of dicot species, especially 
woody and semi-woody plants (Córdoba, 2007; Tu & Randall, 2001). 
Picloram can filter through the roots of treated plants and be absorbed 
by other species, while Triclopyr is specifically used for species that 
resprout from roots (Tu & Randall, 2001). Due to these characteristics, 
the combination of these products was effective in controlling the 
treated A. melanoxylon plants, reducing their coverage by killing them 
and creating better light conditions in the lower levels, favoring the 
foliar development and coverage of Poaceae, which are immune to the 
action of these chemicals.

4.2.1. Overview of the identified vascular flora
The three best-represented families during the study were Aster-

aceae, followed by Poaceae and Fabaceae. These results coincide with 
those obtained in other studies conducted in the mountainous areas of 
the Tandilia mountain system in the Balcarce and General Pueyrredón 
districts (Buenos Aires province, Argentina) (Escaray, 2007; Alonso 
et al., 2009; Valicenti et al., 2010; Echeverría et al., 2017; 2023). The 
representation of these families was also similar to findings in the 
Ventania mountain system (Buenos Aires province, Argentina) by Long 
(2018), who additionally recorded a high number of species of Car-
yophyllaceae and Cyperaceae. In other mountainous areas of the 
country, such as the Sierra de los Comechingones in Córdoba province, 
the representation of Asteraceae, Poaceae, and Fabaceae families was 
similar to that obtained in this study (Oggero & Arana, 2012). In a 
survey conducted in the Upper Atuel River Valley in Mendoza province, 
Moricii et al. (2010) obtained the same results, with a high represen-
tation of the Verbenaceae family as well.

In Argentina, family-level representation is similar to the afore-
mentioned studies and the present work, with the best-represented 
families being Asteraceae, Poaceae, Fabaceae, Solanaceae, Cyperaceae, 
Orchidaceae, Cactaceae, Malvaceae, Brassicaceae, and Euphorbiaceae 
(Zuloaga et al., 2019).

Regarding status and cycle, a higher percentage of native species 

Fig. 7. Evolution of richness on nine sampling dates expressed in days after the application of the treatments (DAA) according to the A) origin of the species (native 
vs. exotic); B) life cycle of the species (perennial vs. annual). The dots inside the boxes indicate the average. Points outside the boxes indicate outliers or extreme 
values. Ref.: 0 DAA: 11/19/16; 31 DAA: 12/20/16; 61 DAA: 01/19/17; 95 DAA: 02/22/17; 154 DAA: 04/22/17; 224 DAA: 07/1/17; 288 DAA: 09/3/17; 542 DAA: 
05/15/18; 699 DAA: 10/19/18.
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with perennial cycles were recorded. These results also align with those 
obtained by other authors in neighboring mountainous areas (Escaray, 
2007; Alonso et al., 2009; Valicenti et al., 2010; Echeverría et al., 2017, 
2023; Polo et al., 2024). Of the 50 species determined in this study, two 
species that had not been previously surveyed in the “Sierra Chica” of 
the PNR by Echeverría et al. (2017; 2023) were identified: Cuburbitella 
asperata and Allium triquetrum.

The fact that a higher proportion of native species was observed 
highlights the importance of these mountainous systems as reservoirs of 
native species. These environments foster environmental heterogeneity, 
allowing the existence of high specific diversity (Cantero, 2016). Addi-
tionally, these mountainous systems are considered true refuges for 
species with different ecological requirements, being crucial for biodi-
versity conservation (Kristensen & Frangi, 1995; Kristensen, 2014). This 
situation should not be underestimated, as the Austral Pampas region is 
continuously subjected to agro-industrial practices, causing habitat 
fragmentation and homogenization, and the replacement of natural 
ecosystems with agricultural landscapes, such as orchards, farms, crop 

fields, and pastures (Herrera et al., 2016), promoting the loss or decrease 
of biodiversity, causing irreversible damage to the planet and the 
ecosystem services that nature provides to humans (Cardinale et al., 
2001).

4.2.2. Effect of treatments on species richness
When analyzing species richness in the plots under the Metsulfuron 

+ Glyphosate treatment, it was observed that the date following the 
application of the products differed significantly from the rest of the 
treatments and, on the following date, from the Control and Metsulfuron 
treatments, presenting the lowest number of species. This effect was 
probably due to the dripping of Glyphosate from the foliage of the acacia 
plants reaching the lower strata of the plots, and since it is a non- 
selective herbicide (Tu & Randall, 2001), it controlled most of the spe-
cies in those plots, in some cases with 100 % efficacy.

In the plots under the Picloram + Triclopyr treatment, in the third 
sampling date, although it did not differ significantly from the remain-
ing treatments, intermediate levels of richness were recorded, higher 

Fig. 8. Principal Coordinate Analysis based on the specific richness registered in 16 plots that belong to the four blocks (Base; Slope; Pampa; Top) at 0 DAA (days 
after treatment application) and 699 DAA. Ref.: The ellipses represent the groupings of the plots according to the similarity between the species.
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than those of the Metsulfuron + Glyphosate treatment and lower than 
those of the Control and Metsulfuron treatments. This situation is 
possibly due to the plants of the lower stratum being reached by drip-
ping from the acacia foliage by these selective herbicides, causing the 
observed decline in the richness of dicot and fern species. Since Met-
sulfuron is a selective herbicide for broadleaf species, a similar result 
would be expected in the plots under this treatment. However, this did 
not occur, possibly due to application failures of this treatment in some 
plots.

Although no significant differences were observed between treat-
ments for the richness variable from the fourth sampling date onward, a 
progressive decrease in the number of species was observed over time in 
the Control treatment, along with a strong reduction in vegetation cover 
given by these species. This could also be due to unintended errors that 
occurred in some plots during product application, allowing some 
A. melanoxylon plants to remain alive, hindering the growth of Poaceae 
species in the lower stratum, as reported in other situations with 
A. melanoxylon invasion (Arán, García- Duro, Reyes, & Casal, 2013, 
2017; Gandini et al., 2019; D́Alfonso, 2026). Additionally, in certain 
plots under this treatment, richness decreased to the point where only 
A. melanoxylon was observed, highlighting the great invasive potential 
of this species, negatively impacting the growth and development of 
others.

Therefore, it is important to emphasize that this study has demon-
strated that the presence of A. melanoxylon plants progressively reduces 
species richness in the sites where it thrives, reaching extremely low 
values and even becoming the only species present. This makes 
A. melanoxylon a current and potential threat to the biodiversity of the 
Tandilia mountain ecosystems.

An important aspect to highlight is that, over time, variations in the 
number of species were notable at the plot level. As reflected in the 
Principal Coordinates Analysis conducted at the beginning of the study 
and considering species richness, the plots were not floristically iden-
tical. In other words, the plots were selected ensuring that the coverage 
of acacias, Poaceae, and total richness were similar, but not the identity 
of the lower stratum species. Therefore, in this particular case, the effect 
of the treatments would not be the only factor conditioning the plant 
species to thrive in the experimental units. The flora present at each site 

would be more associated with environmental effects, mainly given by 
the altitudinal gradient capable of generating differences in the study 
plots.

Mountain ecosystems are environments with high environmental 
heterogeneity, resulting from their topographical irregularities, which 
leads to floristic composition varying according to the physical and 
chemical properties of the soil, availability of sites for seed germination, 
rock erosion patterns, and the degree of sun exposure (Whittaker et al., 
1967; Torres Ribeiro et al., 2007; Kristensen & Frangi, 2015). Based on 
this, the results of this study align with those obtained by Cavagnaro 
(1988), Suárez & Vischi (1997) and Mazzola et al. (2008) in other 
mountainous environments in Argentina, where it was found that 
floristic composition varies significantly with increasing altitudinal 
gradient.

It is important to note that over time, in the plots under herbicide 
treatment, the number of native species was higher than the number of 
exotic species, mainly perennial, such as Baccharis dracunculifolia, Se-
necio selloi, Lathyrus pubescens, Sida rhombifolia, Pavonia cymbalaria, 
Solanum chenopodioides, S. commersonii, Colletia paradoxa, and Poaceae. 
This reflects the importance of outcrops as “hotspots” for the conser-
vation of endemic species (Milchunas & Noy-Meir, 2002; Echeverría 
et al., 2017, 2023), creating microsites that provide protection or refuge 
for a large number of species and nesting and feeding sites for wildlife 
(Mares & Seine, 2000).

5. Conclusions

This study confirmed the effectiveness of the chemical treatments 
used for controlling Acacia melanoxylon. Additionally, it allowed the 
evaluation of plant succession processes following herbicide application, 
documenting the effects of each treatment on the treated plots, which 
directly or indirectly affected the species in the lower strata. A note-
worthy point is that, even after considerable time had passed since the 
application of the products, the Poaceae group and the percentage of 
native species in general were not adversely affected. This is of utmost 
importance given the significance of grasslands in the region and the 
large number of native and endemic species that these mountains host. 
Therefore, it is essential that the control methods used for invasive 

Fig. 9. Mean specific richness per treatment on nine sampling dates expressed in days since the application of the treatments (DDA). Vertical bars indicate standard 
deviation. Equal letters within the same date indicate non-significant differences, p-value > 0.05.
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species do not harm these species.
Based on the above, the results of this study provide a valuable tool 

for selecting chemical control methods against this tree species, offering 
useful information for controlling and mitigating its spread not only in 
this reserve but also in other environments, particularly in mountainous 
areas where steep slopes and surface rock hinder the use of heavy ma-
chinery and limit access to invaded sites, making logging and/or 
removal of specimens difficult. The results also contribute to under-
standing how the surrounding environment changes over time in the 
absence of this invasive species following herbicide application.

Final considerations
Considering the results obtained, the importance of correctly 

applying the products used to achieve effective control of the target 
species is highlighted. However, despite the problems that occurred 
during the application of the herbicides, it is worth mentioning that all 
the treatments used in this study could be recommended to control 
Acacia melanoxylon under similar situations since they not only hit target 
plants but in all cases the number of plant species, particularly native 
ones, increased in relation to the control. Future studies on controlling 
this species should focus on determining the most effective herbicide 
concentrations while accounting for tree size, assessing whether 
external adjuvants enhance herbicide effectiveness, and identifying the 
optimal growth or developmental stage for application. Additionally, 
researches should address the challenge of controlling large trees that 
are not easily affected by chemical application while emphasizing the 
importance of avoiding excessive herbicide use to minimize environ-
mental impact and reduce costs. In this regard, it is also recommended to 
consider the negative impacts on soil, water, and human health. For 
instance, it is well known that some herbicides can negatively affect soil 
and water microbial activity and composition, leading to consequences 
for fertility, water retention capacity, and the balance of aquatic eco-
systems (Van Bruggen et al., 2018). Furthermore, prolonged exposure to 
certain herbicides has been linked to health risks such as endocrine 
disruption and respiratory issues (Rani et al., 2021). Given these con-
cerns, future research should also explore alternative control tech-
niques. In this regard, other removal methods, such as stump 
applications, could offer potential benefits by preventing herbicide 
dispersion as they have shown more favorable results in reducing 
sprouting and regrowth (Knapp et al., 2023).

Finally, in pursuit of conserving the biodiversity of the reserve, 
threatened by the invasion of Acacia melanoxylon, an interdisciplinary 
approach starting with environmental education is necessary. This 
should engage educational communities and the broader society, 
addressing the challenges posed by invasive species and promoting ac-
tivities for their prevention, mitigation, control, and eradication.
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