
Received: 9 February 2022 / Accepted: 11 September 2023
© The Author(s) 2023

	
 Sheila F. Riveiro
sheila.riveiro@usc.es

1	 BIOAPLIC group. Área de Ecoloxía, Dpto. de Bioloxía Funcional, Facultade de Bioloxía, 
Universidade de Santiago de Compostela, Santiago de Compostela 15782, Spain

2	 BIOAPLIC group. Área de Ecoloxía, Dpto. de Bioloxía Funcional, Universidade de Santiago 
de Compostela, EPSE Campus Terra, Lugo 27002, Spain

Are the invasive Acacia melanoxylon and Eucalyptus globulus 
drivers of other species invasion? Testing their allelochemical 
effects on germination

Sheila F. Riveiro1  · Óscar Cruz2  · Otilia Reyes1

New Forests
https://doi.org/10.1007/s11056-023-10001-1

Abstract
Many invasive alien species (IAS) produce secondary metabolites that affect how other 
plants function (allelopathic compounds) and can drive other species invasion, as proposed 
by the invasional meltdown hypothesis. Acacia melanoxylon and Eucalyptus globulus are 
two of such species. In this study, we analyzed the germination response of seven IAS 
(Acacia dealbata, Acacia mearnsii, Acacia melanoxylon, Acacia longifolia, Eucalyptus 
globulus, Paraserianthes lophantha, Phytolacca americana) and a native biotest species 
(Lactuca sativa) to the application of two different aqueous extracts at two different con-
centrations of donor species A. melanoxylon and E. globulus. Extract compounds were 
identified by UHPLC-ESI-QTOF-MS. Eucalyptus aqueous extracts significantly reduced 
germination in three species (A. dealbata, E. globulus, P. americana). The germination of 
all the species tested was reduced with acacia aqueous extracts. Our results support the 
postulates of the Biochemical Recognition Hypothesis in that seeds gauge establishment 
potential based on phytochemical release of other plants. Furthermore, A. melanoxylon and 
E. globulus lowered their own germination, suggesting that these species exhibit intraspe-
cific biochemical recognition. We also found support for the Novel Weapons Hypothesis 
in the case of L. sativa as a native species. Our research shows that phytochemicals are a 
component of plant-plant interactions, including the invasion process.

Keywords  Allelopathy · Biochemical recognition hypothesis · Invasional meltdown 
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Introduction

Invasive alien species (IAS) are a threat to global biodiversity, because they outcompete 
native species, change the physico-chemical characteristics of soils (e.g., modification of 
the soil microbial activity—Qu et al. 2021; allelochemical release that reduces native plant 
establishment—Zhang et al. 2021), alter the rate of nutrient cycling (Vilà et al. 2011) and 
modify ecosystem fire regimes (D’Antonio and Vitousek 1992; Gaertner et al. 2014). Plant 
invaders reduce the richness and abundance of native species (Pyšek et al. 2012; Wohl-
gemuth et al. 2022) by modulating seed germination, inhibit seedling establishment and 
growth (Hussain et al. 2011a), modification of plant-pollinator interactions, and pose a 
significant impact at species, ecosystem and community levels and alter ecosystem ser-
vices (Vilà et al. 2011). Additionally, IAS cause economic loss in forestry and agriculture 
(Pimentel et al. 2005) and are accelerated by anthropogenic perturbations (Young and Lar-
son 2011). Coastal areas with temperate climates are a primary pathway for the introduction 
of IAS to Europe and the level of invasion in these areas is usually high (Chytrý et al. 2009) 
due to its favorable climate for plant establishment and growth (Stohlgren et al. 2003, 2006). 
The northwestern Iberian Peninsula constitutes a pathway of entry of IAS to Europe, and 
exhibits some early stages of IAS invasion (Capdevila-Argüelles et al. 2012; GISD 2022). 
This coastal region also has the highest forest fire activity in Europe (San-Miguel-Ayanz et 
al. 2013) and is one of the most affected regions by fire in the world (Archibald et al. 2013). 
Some of the IAS are tree species that cause major ecosystem problems, including the propa-
gation of forest fires and making areas more fire prone (Brooks et al. 2004; Underwood 
et al. 2019; Aslan and Dickson 2020). In the northwest of the Iberian Peninsula several 
species stand out, including widely distributed species of Acacia and Eucalyptus genera 
(Sanz-Elorza et al. 2004), as well as others in early stages of invasion, such as the genera 
Paraserianthes (Dana et al. 2004) and Phytolacca (Valdés et al. 2011).

The invasional meltdown hypothesis (Simberloff and von Holle 1999) states that the 
establishment of one IAS facilitates invasion of other IAS (Kumar Rai and Singh 2020). 
Testing this hypothesis is the first step to know the repercussion of the initial invasions on 
subsequent ones and will be useful for exposing possible key species in the invasion pro-
cess. Acacia melanoxylon R. Br. (Australian Blackwood) is one of the most damaging spe-
cies for agriculture (Souto et al. 1994; Hussain et al. 2020) and Eucalyptus globulus Labill. 
(blue gum) for forestry ecosystems (Arán et al. 2013; Calviño-Cancela and Rubido-Bará 
2013). Testing the invasional meltdown hypothesis for these IAS will allow us to discover 
if their presence helps the establishment of other IAS, namely other acacias, Paraserianthes 
lophantha (Willd.) I.C.Nielsen and Phytolacca americana L. This hypothesis postulates an 
adverse IAS diversity synergism on native species. Invasive species can also drive their own 
regeneration or produce negative feedback that limit it.

Seeds can recognize phytochemicals of conspecific seeds and establishing plants (bio-
chemical recognition hypothesis, BRH; sensu Renne et al. 2004, 2014). Based on their 
dose-dependent assessment, they may decide to accelerate (e.g., avoid priority effects or 
enjoy conspecific facilitation; Dyer 2004; Orrock and Christopher 2010; Yamowo and 
Mukai 2017; Yannelli et al. 2020; Ohsaki et al. 2020) or delay germination (e.g., avoid 
competition-induced post-emergence mortality; Renne et al. 2014; Houseman and Mahoney 
2015) to maximize establishment potential. In either case, this competition avoidance mech-
anism is predicted to maximize establishment potential (Renne et al. 2014) and thus, inva-
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sion success. This process also applies to heterospecific recognition (Tielbörger and Prasse 
2009; Yannelli et al. 2020; Fenesi et al. 2020). Some invasive plants may succeed because 
they bring novel phytotoxins to natural plant communities, as proposed by Callaway and 
Aschehoug (2000) in the novel weapons hypothesis (NWH). This would be a non-mutu-
ally exclusive mechanism to the BRH, for their own population’s regeneration. Following 
this statement, native species would be more vulnerable to allelochemicals that they had 
never encountered. This is a chemically mediated mechanism that has been demonstrated 
in several studies (Callaway and Ridenour 2004; Becerra et al. 2018; Puig et al. 2018), and 
affects other species germination or seedling growth. This knowledge will be very useful 
for policymaking on control and management of these invasive alien species due to its wide 
distribution around the world (GISD 2022) since their interactions and synergies could also 
take place in other locations.

Many introduced species of Acacia and Eucalyptus produce allelopathic compounds, 
which reduce germination of some species (Souto et al. 2001; Hussain et al. 2011b; Lorenzo 
et al. 2012). Allelopathy is the ecological process in which biotic interference occurs 
through bioactive molecules (Singh et al. 1999). Allelochemicals (i.e., secondary metabo-
lites, mostly phenolics and terpenoids) usually reduce native species and facilitate for IAS 
colonization in new habitats (Novoa et al. 2012; Kalisz et al. 2021; Zhang et al. 2021). The 
identification of phenolics, flavonoids and terpenoids can be difficult because they contain 
several structures but HPLS-MS is a useful tool to identify natural compounds in vegetal 
extracts (Quirantes-Piné et al. 2013; Jia et al. 2016). Allelochemicals could drive the inva-
sion success of IAS, and it is important to know which compounds or doses affect their own 
germination and that of other species. Since germination is the most critical stage in the life 
cycle of many plants (Reyes et al. 1997) it is necessary to know how IAS seeds respond 
to their own phytochemicals and how the allelochemicals affect other IAS germination in 
already colonized areas.

In this study, we addressed the following objectives: (i) to determine the effect of dif-
ferent doses of allelopathic compounds from aqueous extracts of A. melanoxylon phyllodes 
and E. globulus leaves on their own germination and on other IAS germination, and (ii) to 
identify the possible compounds responsible for germination modification.

Materials and methods

Study species

We studied seven invasive alien species present in the northwest of the Iberian Peninsula 
and found in many other areas of the world: Acacia dealbata Link, Acacia mearnsii De 
Wild., Acacia melanoxylon R.Br., Acacia longifolia (Andrews) Willd., Eucalyptus globulus 
Labill., Paraserianthes lophantha (Willd.) I.C.Nielsen and Phytolacca americana L. The 
seeds of test species were collected in naturalized IAS populations in Galicia, Spain (north-
western Iberian Peninsula, Table S1). Additionally, we used Lactuca sativa L (cv. “Bata-
via”) commercial seeds as a biotest species due to their fast germination and common use in 
allelopathic bioassays; seeds were purchased from Wamestrada S.L.L. (A Estrada, Spain).
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Allelochemicals water extraction

Acacia melanoxylon and E. globulus were chosen as donor species of allelopathic com-
pounds, due to their invasive character, their wide distribution and the density of their popu-
lations in the study area. Acacia melanoxylon is one of the IAS that has greatly increased 
in abundance and distribution in recent years (Martínez-Fernández et al. 2012); E. globulus 
is one of the most abundant species in the northwestern Iberian Peninsula, occupying 20% 
of the forested areas according to the IFN4 (IFN4 2011). Four aqueous extracts constituted 
the test treatments of IAS germination: two extracts at different concentrations from each of 
the two donor species. For the acacia extracts, we used A. melanoxylon abscised dry phyl-
lodes and for the eucalyptus extracts we used E. globulus abscised dry leaves. Phyllodes and 
leaves were collected in naturalized adult populations in the Monte Pedroso area (Galicia, 
Spain). After collection, phyllodes and leaves were slashed in 2 cm2 pieces (~ 1 × 2 cm). 
Extraction was performed in beakers covered with plastic film by soaking slashed phyllodes 
or leaves in distilled water at 200 g/L (hereafter, 200 g-acacia and 200 g-eucalyptus) and 
100 g/L (100 g-acacia and 100 g-eucalyptus) for 72 h at room temperature. Then, leaves 
and phyllodes were separated from water by filtration and discarded, leading to the aque-
ous extracts. Following a similar methodology to Teerarak et al. (2010) and Nurjanah et al. 
(2020), the chosen values corresponded to the phyllodes or leaves maximum amount that is 
possible to soak in a known amount of water (200 g of phyllodes or leaves slashed pieces in 
1 L of distilled water) and then reducing this amount to a half (100 g in 1 L).

Germination bioassays

For each of the seven species studied, in addition to four aqueous extract treatments, we 
used distilled water as a control to simulate natural conditions (control treatment). Hard-
coated seeds were mechanically scarified before the beginning of the test to simulate ger-
mination. Scarification was performed with a scalpel, transversally cutting off a small part 
of the seed’s distal end. For each treatment, five replicates of twenty-five seeds each were 
made. Each replicate was placed on a 9 cm diameter Petri dish, using two cellulose filter 
papers as substrate.

At the beginning of the test, 4 ml of the corresponding aqueous extract or distilled water 
was added to each replicate (Salgado et al. 2017). Subsequently, seed germination was 
checked every other day during a month. On those days, more water was added to keep the 
seeds moist, and seeds that had germinated (visible radicle) were removed from the Petri 
dish. Seed incubation was performed in a germination chamber (Climas AGP890) where 
the thermo-photoperiod was 16 h of light at 24 °C and 8 h of darkness at 16 °C, simulating 
favorable conditions for germination in the northwest of the Iberian Peninsula (Cruz et al. 
2019; Riveiro et al. 2020).

Compound identification

To identify the A. melanoxylon and E. globulus chemical constituents present in the aque-
ous extracts, we conducted an ultrahigh-performance liquid chromatography coupled with 
quadrupole time-of-flight tandem mass spectrometry (UHPLC-ESI-QTOF-MS), a tool for 
characterizing complex natural products (Li et al., 2017). The compounds were identified 
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by comparing their retention times and MS/MS spectra provided by QTOF–MS with those 
of authentic standards whenever available. The remaining compounds were identified by 
interpreting their MS and MS/MS spectra obtained by QTOF–MS combined with the data 
provided in the literature. The score is a measure of identification confidence, based on the 
parameters of exact mass, retention time, mSigma and qualifier ions. Five score levels were 
obtained based on this: high (++++/+++), medium (++), tentative (+) and null (-); null level 
means that the qualifier ion was not found.

Data analysis

The data obtained were used to calculate the average germination percentage, the germina-
tion over time and the germination speed as T50 (which measures germination speed as the 
time required by seeds to reach 50% of final germination). T50 was calculated according to 
Cruz et al. (2022).

General linear models (GLMs) at a significance level of 0.05, with binomial error distri-
bution, were carried out to test the effects of acacia and eucalyptus extracts on germination 
percentage and T50 (see supplementary material, Table S2). Independent analyses for each 
target species were carried out in a factorial analysis with the fixed factors extract source 
and concentration of the extract. Interaction between extract source and concentration of the 
extract was tested but it was not significant in any of the analyses, so we did not include it 
in the model to have a better model fit. We tested whether there were significant differences 
in extract source and concentration of the extract through ANOVA using the package car 
(Fox and Weisberg 2019); followed by a post-hoc HSD Tukey test using the package agri-
colae (de Mendiburu and Yassen 2020). GLMs for target species E. globulus and L. sativa 
regarding the response variable T50 did not include the predictor variable concentration of 
the extract for acacia extracts owing to the lack of data (there was no germination under 
these treatments). All the analyses were performed using R Software (R Core Team 2023).

Results

Germination percentage

Final germination varied by species and treatment (Table 1). Germination of all test spe-
cies were significantly reduced by at least one treatment, and no treatment promoted ger-
mination. The germination percentage of A. dealbata and P. lophantha decreased in all 
treatments with respect to control and was especially low with 200 g-acacia treatment. Ger-
mination of A. dealbata decreased by 33% with 100 g-eucalyptus, 200 g-eucalyptus and 
100 g-acacia and 75% with 200 g-acacia. Paraserianthes lophantha germination decreased 
40% from control treatment with 200 g-acacia treatment (p < 0.013) and none of the other 
treatments modified its germination percentage. Germination of A. mearnsii decreased 36% 
with 200  g-acacia treatment (p < 0.04) with respect to control. Acacia longifolia and A. 
melanoxylon seed germination percentage was significantly reduced with both 100 g-acacia 
(61%, 87% respectively) and 200 g-acacia (71%, 68% respectively) treatments. Other treat-
ments did not affect germination.
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In E. globulus, the 200  g-acacia treatment inhibited germination. 200  g-eucalyptus 
and 100  g-acacia reduced it by 70% and 53% with respect to control. Almost all treat-
ments applied to P. americana significantly reduced germination (p < 0.001); 200 g-acacia 
reduced it by 43%, and 100 g-acacia and 200 g-eucalyptus produced smaller reductions 
(24%, 19% respectively). 100 g-eucalyptus did not affect germination of these two spe-
cies. Biotest species L. sativa showed a marked decrease in germination percentage with 
200 g-acacia (p < 0.001) from 89.6% in control treatment to 0%; other treatments did not 
affect its germination.

Acacia melanoxylon reduced target species germination with low (100  g-acacia) and 
high (200 g-acacia) concentration extracts, including its extracts to its own seeds. Regarding 
E. globulus, low concentration extract (100 g-eucalyptus) did not modify its own germina-
tion, but high concentrations (200 g-eucalyptus) reduced it. This effect was similar to that 
produced by E. globulus extracts in the other species studied, in which high concentration 
extract reduced germination more than low concentration extracts.

The most affected species by the applied treatments were A. dealbata, E. globulus and 
P. americana, whose germination was significantly reduced by 3 of the 4 treatments tested. 
In contrast, relative to the control, extracts generally did not affect the germination of A. 
mearnsii, P. lophantha and L. sativa, since their germination was reduced by only 1 out of 
4 treatments. Eucalyptus aqueous extracts inhibited germination in 4 out of the 16 tests, and 
acacia aqueous extracts were inhibitory in 13 out of the 16 tests performed. Overall, the 
treatment which had the strongest effect was 200 g-acacia, which significantly reduced the 
germination percentage of seeds in all the species studied. 100 g-eucalyptus had the weakest 
effect, only modifying the germination of 1 out of 8 species.

T50 and temporal distribution

For most of the species studied, T50 increased slightly with some of the treatments, but the 
statistical analyses were not significant. The treatments applied only lead to a significant 
delay in the T50 for A. dealbata and L. sativa (p < 0.004 and p < 0.001, respectively). The 
control germination of A. dealbata started on day 3 (Fig. 1) and ended on day 18, with a 
T50 of 3 days. All treatments significantly increased the T50 of this species (Table 1), reach-
ing 5.0 to 6.2 days. Treated seeds had a delayed germination start on day 5. Control T50 of 
L. sativa biotest species was 2.0 days, which significantly increased to 5.0 days (p < 0.05) 
for the seeds treated with 100 g-eucalyptus, 200 g-eucalyptus and 100 g-acacia. The con-
trol germination of L. sativa started on day 3, while the seeds’ germination treated with 
100 g-acacia started on day 5, and with 100 g-eucalyptus and 200 g-eucalyptus, germination 
started on day 9.

Acacia longifolia had the longest T50 at 8 days, while all the other species reached T50 at 
5 days. In A. mearnsii control germination started on day 3 (Fig. 1) and reached a T50 of 5.0 
days. The control germination of A. melanoxylon, E. globulus and P. americana started on 
day 5, and reached T50 on day 5 (Table 1). Treated seeds of A. melanoxylon started germina-
tion on day 9, delaying it with respect to control. Eucalyptus globulus seeds treated with 
100 g-acacia started germination on the same day as control (Fig. 1) while seeds treated with 
100 g-eucalyptus and 200 g-eucalyptus delayed their germination. Neither A. melanoxylon 
nor E. globulus modified their own T50.

1 3



New Forests

Germination of A. longifolia started on day 5 in control and treated seeds, with a T50 of 
8.2 days and none of the treatments modified it (Table 1). Control seeds of P. lophantha 
and P. americana began their germination on day 3 while treated seeds started germination 
on day 5 (Fig. 1). The T50 of P. lophantha was very consistent, with no variation between 
control and treatments, being 5.0 days on average (Table 1).

To sum up, the T50 of most species remained unchanged after the application of treat-
ments compared to control, except for A. dealbata and L. sativa in which case it was delayed 
(Table 1). Eucalyptus aqueous extracts delayed T50 in 4 out of 16 treatments, and acacia 
aqueous extracts delayed it in 3 out of 14 (Table 1). The treatments also delayed the start 
of germination, ranging from 2 to 6 days in all species except A. longifolia, whose treated 
seeds started germinating the same day as the control seeds (Fig. 1).

Identification and chemical analysis of compounds in aqueous extracts

The eucalyptus extracts contained 47 compounds, while acacia extracts had 20 compounds 
(Table S3, supplementary material). The maximum confidence level obtained in acacia 
extracts was medium (++), in 8 compounds and none of the compounds reached the high-
est level. From these compounds, the most abundant were trihydroxyoctadecenoic acid 
(17.5%), tyrosol glucoside (3.6%), gentistic acid (2.5%) and scopoletin (2.0%). Eleven 
compounds of eucalyptus extract obtained medium confidence level (++) and 4 compounds 
obtained a high level (++++). The high confidence level compounds were gallic acid, epicat-
echin, ferulic acid and ellagic acid, which represents 39.4% of the total eucalyptus sample 
analyzed. Thus, gallic acid and ellagic acid were the two main compounds in Eucalyptus 
extracts, and two of the most certain in the sample.

Eucalyptus and Acacia extracts shared 7 out of 16 high confidence level compounds. 
However, gallic acid and ellagic acid, the two most abundant compounds in eucalyptus 
extracts, were not present in the acacia extracts. Only 1 of the 16 high confidence com-
pounds, tyrosol glucoside, was present in acacia extracts but not in eucalyptus extracts.

Discussion

Germination and ecological implications

Acacia and eucalyptus phytochemical compounds affected germination of the eight study 
species, and aqueous extract dose and origin were fundamental to this. Extracts of A. mela-
noxylon lowered germination in all species treated with 200 g-acacia, E. globulus extracts 
decreased germination in A. dealbata, E. globulus and P. americana, and none of the extracts 
fostered germination in any species. The germination reduction in all the studied species by 
A. melanoxylon extracts, at least at the highest concentration (200 g-acacia), matches the 
results of Hussain et al. (2011), who concluded that Acacia allelopathy effects depend on 
extract concentration. Of the five species whose germination was inhibited with the two 
concentrations tested, the inhibition effect increased with incrementing extract concentra-
tion only in A. dealbata and P. americana. The lack of germination promotion in any target 
species, does not support the invasional meltdown hypothesis (Simberloff and von Holle 
1999). For example, A. melanoxylon and E. globulus did not facilitate the invasion of A. 
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dealbata, A. mearnsii, P. lophantha and P. americana through allelopathy compounds in 
areas already colonized by A. melanoxylon or E. globulus. This is consistent with the fact 
that the majority of interactions between invaders are either neutral or negative (81% of 
interactions) and it is very rare the facilitation among them (Kuebbing and Nuñez 2015).

Fig. 1  Temporal distribution of germination for control and treated seeds of A. dealbata, A. mearnsii, A. 
melanoxylon, A. longifolia, E. globulus, P. lophantha, P. americana and L. sativa in treatments without 
total suppression of germination. Values on day 30 constitute the final germination percentages
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Regarding their native range, all target acacias are sympatric—as well as congeneric—so it is 
possible they have developed species-specific or phylogenetic-specific BR (Renne et al. 2014). 
The lowered acacia germination with A. melanoxylon extracts do not support the NWH, because 
the phytotoxins would not be new to the target acacias and it is unlikely that sharing habitat both 
in their native range and in their invaded range to not have developed some sort of mechanism 
to avoid the phytotoxic effects of sympatric, closely-related species. Importantly, A. melanoxy-
lon extracts (100 g-acacia and 200 g-acacia) reduced germination of A. melanoxylon seeds, and 
200 g-eucalyptus reduced E. globulus germination. This was found in other Fabaceae species 
(Khan and Shaukat 2006) treated with its own fruit extracts and in other woody species (Bran 
et al. 1990; Romane et al. 1992; Houseman and Mahoney 2015). The fact that the germination 
reduction is stronger on donor species than on the other IAS clearly supports the BRH. Donor 
species would be able to recognize high population density through phytochemicals released 
into the environment (intraspecific-BR) and react by limiting their germination to avoid strong 
intraspecific competition in the future (Renne et al. 2014; Hierro and Callaway 2021). This effect 
of suppression of its own germination is not detected in natural populations, probably due to the 
potential seed bank that those species presents; in A. melanoxylon the soil seed bank is large 
and persistent (Arán et al. 2017)d globulus has an aerial seed bank in which seeds can remain 
viable during years (Reyes and Casal 1998). Specifically, A. melanoxylon, in which we found 
the strongest germination reduction, tends to form dense monospecific stands which allow them 
to be permanently in contact with their conspecific phytochemicals, favoring BR development 
(Renne et al. 2014). The regulation of populational growth via BR would be ideal conditions for 
seed germination, with adult individuals releasing phytochemicals that postpone germination 
until the environment is conducive for establishment. This behavior would benefit adult plants of 
A. melanoxylon and E. globulus, as described by Aguilera et al. (2017) for A. dealbata in Chile.

Germination of biotest L. sativa was reduced with acacia extracts and delayed by all applied 
treatments. Similar results were obtained by Souto et al. 2001, who found reduced germination 
of L. sativa seeds from A. melanoxylon stands. Also, Hussain et al. (2011a), 2020) reported 
inhibition of germination of L. sativa seeds treated with flower and phyllodes extracts of A. 
melanoxylon; they also detected native species inhibition in Atlantic forests, such as Dactylis 
glomerata L., Lolium perenne L. and Rumex acetosella L. Meanwhile, E. globulus extracts did 
not affect L. sativa germination, neither in our study nor in Souto et al. (2001). Given that L. 
sativa is a native species, our results regarding acacia extracts support the NWH (Callaway 
and Aschehoug 2000). Nelson et al. (2021) did not find inhibitory effects of E. globulus on the 
germination of understory Californian native species either. By contrast Morsi and Abdelmigid 
(2016) found inhibitory effects on Hordeum vulgare L. germination, a native species of Saudi 
Arabian forests, using a high concentration of E. globulus leaf extracts. Additionally, despite its 
common use as biotest species in allelopathy studies, we are aware of the limitations of using L. 
sativa as a native species, due to its commercial use and its artificial selection for agriculture. For 
these reasons, it is necessary to perform more tests on a wider range of native species to extract 
solid conclusions about the NWH for the two donor species.

Different extracts and doses barely modified speed and temporal distribution of germina-
tion. In A. dealbata, treated seeds took longer to reach T50 when compared to control treatment. 
This also occurred in L. sativa, whose treated seeds also started germination later than control 
treatment. Other authors found that reduced germination is not linked to changes in T50 (Cruz et 
al. 2020). Start of germination was also delayed in some target species between 2 and 6 days; a 
delay in germination onset could be due to BR, since we only applied the aqueous extracts at the 
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start of the experiment, and subsequently applied distilled water. It is possible that phytochemi-
cal concentration in the seed environment was reduced, leading to more conducive conditions 
for germination. Comparing the eight studied species, the most sensitive ones were A. dealbata, 
E. globulus and P. americana, whose germination was lowered by three out of four tested treat-
ments. Furthermore, the only species whose germination was totally inhibited were L. sativa 
and E. globulus, which were treated with 200 g-acacia. These two species were the only ones 
studied that did not present hard-coated seeds and had the smallest seed size. Nevertheless, all 
hard-coated seeds used in this study were scarified, so we cannot attribute this effect to the pro-
tective coat. In normal conditions, with the hard coat unaltered, these species take 1 to 3 months 
to germinate and their germination is low (Arán et al. 2017; Cruz et al. 2017; García-Duro et al. 
2019; Riveiro et al. 2020).

Aqueous extract composition

Some of the main compounds found in the A. melanoxylon chemical analysis were reported in 
previous allelopathy studies. p-Hydroxybenzoic acid (Reigosa et al. 1999; Hussain et al. 2011b) 
was even reported to cause germination suppression and radicle growth inhibition at different 
concentrations in several species. In our study, A. melanoxylon extracts did not contain gallic 
acid, ferulic acid (Souto et al. 1994; Hussain et al. 2011b) and ellagic acid (Souto et al. 1994) 
despite being tested for them. Instead, we found that the most abundant compounds were trihy-
droxyoctadecenoic acid and tyrosol glucoside, which were not previously reported in A. melan-
oxylon extracts. In E. globulus extracts, the principal compounds gallic acid, epicatechin, ferulic 
acid and ellagic acid were found in other studies (Souto et al. 1994; Reigosa et al. 2000; Hussain 
et al. 2011b) and in other species of the Eucalyptus genus (Suresh and Vinaya Rai 1987; Li et 
al. 2010). Gallic acid and chlorogenic acid were also found by Puig et al. (2018) who concluded 
that the inhibitory effects observed could be attributed a priori to the phytotoxins present in the 
plant’s aqueous extracts. Some of the compounds identified in our study also cause growth sup-
pression in seedlings (Puig et al. 2018); Hussain et al. (2010) found a reduction on shoot, leaf and 
root length and a drop in fresh biomass of L. sativa using ferulic acid. This effect on the seedling 
growth would support the NWH if we use L. sativa to depict native species that have never been 
exposed to IAS allelochemicals of tested donor species, and consequently would experience 
negative effects after the exposure.

It would be interesting to clarify if the compounds found in our aqueous extracts cause inhibi-
tory effects on germination when isolated from the mixtures. Other authors (Chon et al. 2003; 
Reigosa and Pazos-Malvido 2007) tested the efficacy of these compounds as germination sup-
pressors, and they concluded that the compound’s mixtures were more phytotoxic than indi-
vidual compounds. As we did not find phytotoxic effects on IAS but biochemical recognition 
among them, we wonder if the BR would be stronger in the compound mixture than in the 
isolated compounds, or in contrast, whether there would be some compounds responsible for 
the BR. Furthermore, the allelochemical effect could be a temporary germination inhibition, 
reversible when the allopathic compound concentration decreases, and the environment is more 
conducive for establishment. Lastly, given that seven of sixteen compounds are shared between 
acacia and eucalyptus test species (Table 2), it is possible that seeds use these phytogeneric cues 
to indicate a competitive environment (Renne et al. 2014), regardless of whether an established 
acacia or eucalyptus individual is in close proximity.
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Conclusion

From the seven studied IAS, only three were affected by adding eucalyptus aqueous extracts. In 
contrast, all of them were affected by acacia aqueous extracts. Regarding the treatments, euca-
lyptus aqueous extracts lowered germination in 4 out of 16 tests, and acacia aqueous extracts 
were inhibitory in 13 out of 16 tests performed. In all cases, the treatment that most reduced 
germination was 200 g-acacia (acacia aqueous extract at higher concentration). We also detected 
germination reduction in the two donor species treated with their own phytochemicals, suggest-
ing intraspecific BR, and found support for the NWH depicting L. sativa as a native species. 
None of the donor species promoted germination in the tested species, discarding the meltdown 
hypothesis for A. melanoxylon and E. globulus aqueous extracts. In conclusion, our findings 
show that phytochemicals mediate plant-plant interactions by altering germination schedules, 
which likely scale up to population and community regulation.
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