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Early development of Acacia longifolia is more severely impacted
by water and nutrient stress in invasive than native seedlings
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Abstract

Acacia longifolia (Andrews) Willd. is a legume native to southeast mainland Australia and Tasmania and has two described
subspecies: A. L subsp. longifolia and A. l. subsp. sophorae. The species has been introduced around the world and is consid-
ered invasive in several Mediterranean-type climate regions, including in South America, South Africa, and southern Europe.
Previous studies comparing native and invasive populations of A. longifolia have focused on its reproductive ecology and
population genetics, and little information exists on the species’ early life development and how abiotic factors influence it.
Here, we performed a glasshouse experiment to compare the phenotypic responses of native and invasive (in Portugal) A.
longifolia seedlings to different levels of water and nutrient availability. We found that seedlings of both subspecies responded
similarly to different water and nutrient availability conditions in terms of biomass accumulation, root length, the number
of phyllodes produced, phyllode water content, and root-to-shoot ratio. However, compared to native seedlings, invasive
seedlings had limited capacity for stress responses. We found that invasive seedlings had lower drought tolerance than native
seedlings, and thus the speed of invasion by A. longifolia into drier parts of Portugal may be hindered. Our results also hint
of a possible role of seed “imprinting” in this species’ early growth responses, resulting in different resource allocation
strategies such as favouring early growth and development over drought resistance in the invaded range. Further studies are
required to better understand the species’ abiotic stress responses at the intraspecific level and their relation to its invasiveness.
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Introduction

Human-mediated introductions of species outside their
native ranges have in many instances led to the establishment
of invasive populations. Invasive species are now widely rec-
ognised as one of the leading causes of habitat degradation
and biodiversity loss (Simberloff et al. 2013; IPBES 2023).
B4 Cristina Mdguas Globally, the number of invasive species is increasing, and
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change conditions (PySek et al. 2020). Australian acacias
(genus Acacia sensu stricto) are among the most problem-
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regions of the world for coastal dune stabilisation and as
an ornamental plant, subsequently becoming invasive, espe-
cially in Mediterranean climate regions (Kull et al. 2011;
Richardson et al. 2011; Souza-Alonso et al. 2017). This spe-
cies has also been introduced to parts of Australia outside
of its native range, such as the state of Western Australia,
where it has also become invasive (Richardson et al. 2011;
Harris et al. 2012). Two subspecies have been described for
A. longifolia based on morphological characters such as
phyllode shape, seed pod size and shape, as well as slightly
different, but overlapping, distributions: subsp. longifolia
and subsp. sophorae (Whibley and Symon 1992; Flora of
Australia 11B, 2001; Vicente et al. 2023a). Some authors
even consider them to be two distinct species (Flora of Aus-
tralia 11B, 2001). However, recent niche modelling and
genetic studies do not support this intraspecific subdivision,
suggesting that the classification of these two subspecies
requires revision (Vicente et al. 2023a, b). Acacia longifolia
has long-lasting flowering periods characterised by massive
investments in flower and pollen production (Correia et al.
2014; 2015), resulting in high seasonal seed crops (Gib-
son et al. 2011) and the formation of massive seeds banks
(Marchante et al. 2010; Le Maitre et al. 2011).

In its invasive range, A. longifolia is considered to be
an “ecosystem engineer”, actively transforming ecosystems
and causing significant impacts on both the above- and
belowground components of ecosystems (Yelenik et al.
2007; Ulm et al. 2017a; Jesus et al. 2020). It forms dense
canopies which limit light availability to native understory
plants (Rascher et al. 2011) and accumulate high amounts
of biomass and litter (Zhang et al. 2020), which increases
the intensity of wildfires—an important feature of Mediter-
ranean ecosystems especially during hot summer months
(Souza-Alonso et al. 2017). In turn, wildfires promote the
germination of acacia seeds, which can remain dormant and
viable in soils for several years (Marchante et al. 2010; Le
Maitre et al. 2011), while reducing the viability of the seeds
of native plants (Richardson and Kluge 2008; Le Maitre
et al. 2011; Souza-Alonso et al. 2017). The accumulation of
leaf litter also leads to changes in soil chemical composition
and nutrient cycles, reduces water availability, and increases
soil organic matter content (Lorenzo and Rodriguez-Ech-
everria 2015; Ulm et al. 2017b; Hamad-Sheip et al. 2021).
Even young A. longifolia plants, that have not yet accumu-
lated litter, cause several changes in soil functioning (Ulm
et al. 2017a), highlighting that the species can affect eco-
system properties even during the early stages of invasion.

Several hypotheses have been put forward to explain
plant invasiveness based on functional and life-history traits
related to growth, reproduction, dispersal, and resource allo-
cation responses (Catford et al. 2009; Matzek 2011, 2012;
Skalova et al. 2012; Enders et al. 2020; Guo et al. 2022; Gio-
ria et al. 2023). For example, phenotypic plasticity, i.e., the
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expression of different phenotypes in response to environ-
mental cues by the same genotype (Bradshaw 1965), is an
important strategy that allows introduced species to rapidly
respond to changes in environmental conditions (Xue and
Leibler 2018) and has been linked with invasiveness (Brad-
shaw 1965; Richards et al. 2005, 2006; Skalova et al. 2012).
Phenotypic plasticity provides organisms with ecological
flexibility, even when levels of standing genetic diversity are
low. In plants, such plasticity can stem from direct interac-
tions with the environment or from “imprinting” of the seeds
(i.e., maternal effects), creating semi-heritable trait variation
(Bai and Settles 2015; Ortmans et al. 2016; Mounger et al.
2021).

Growth experiments under controlled environmental
conditions provide opportunities to understand the roles of
functional traits, phenotypic plasticity, and local adaptation
in facilitating plant invasion (de Villemereuil et al. 2016).
For example, a glasshouse experiment showed that invasive
A. longifolia seedlings in Portugal have higher tolerance to
saltwater stress than seedlings from a co-occurring native
species, a clear advantage to outcompete natives during early
stages of invasion in coastal areas (Morais et al. 2012). A
recent glasshouse study also showed that soil origin influ-
enced the growth of invasive A. longifolia seedings, as well
as the bacterial diversity found in the species’ root nodules,
highlighting the importance of above- and belowground
interactions in its invasiveness (Sampaio et al. 2023). Har-
ris et al. (2012) performed a glasshouse experiment and
genetic analyses of native and invasive seedlings of several
acacias in Australia, including A. longifolia. They found
traits to vary between native and non-native ranges, but not
in the same direction, for different species. Two acacias (A.
longifolia and A. saligna) showed evidence for genetic bot-
tlenecks in their non-native ranges, a finding that is contrary
to what is known for introduced Acacia species in general,
including invasive A. longifolia populations outside of Aus-
tralia, that have retained high levels of genetic diversity
(Vicente et al. 2021; 2023b). However, the lower genetic
diversity in invasive A. longifolia and A. saligna populations
in Australia did not affect their growth responses or invasive-
ness (Harris et al. 2012).

Comparative studies of native and invasive A. longifo-
lia populations have focused on the reproductive ecology
of the species (e.g., Correia et al. 2014; 2015; 2016), and
early development and growth (e.g., Welgama et al. 2019).
Here, we conducted a glasshouse experiment to compare the
phenotypic responses of Australian and Portuguese A. longi-
folia seedlings to different treatments of water and nutrient
availability. Our aims were to: (1) evaluate whether differ-
ences exist in seedling survival between native and invasive
ranges under stress conditions (i.e., low water and nutrient
availability) and (2) determine whether the two A. longi-
folia subspecies differ in their responses to different levels
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of water and nutrient stress. We hypothesised that invasive
A. longifolia seedlings will have higher tolerance to water
and nutrient stress compared to native range seedlings and
that no differences in stress responses exist between the two
subspecies.

Materials and methods
Seed origins, characterisation, and germination

Seeds from both A. longifolia subspecies (i.e., subsp. longi-
folia and subsp. sophorae) from Australia, and from invasive
populations in Portugal (subspecies identity unknown), were
obtained from three different geographically distinct prov-
enances in each country. Seeds from the native range were
bought at three nurseries: AustraHort (AH; https://www.
austrahort.com.au), Indigo Native Nursery (IN; https://indig
onursery.com.au) and Royston Petrie Seeds (RP; https://
rpseeds.com.au). These seeds were harvested in the field
by nursery staff. Seeds from the invaded range were col-
lected in January 2021 from soils seed banks in three areas
in Portugal: Vila do Conde (VC), Costa da Caparica (CC)
and Monte Gordo (MG). In these areas, only one collection
site was visited, and 100-300 seeds were collected directly
under the canopy of three to four separate plants from the
upper layer of soil. See Table 1 for further details.

We measured seed weight (mg) of 50 seeds from each
provenance as a proxy for assessing maternal effects (see
Results; Fig. 1) using an Acculab ALC-210.4 analytical
balance (Acculab, NY, USA). When present, elaiosomes
(i.e., fleshy structures rich in lipids and proteins attached to
the top of the seeds) were removed before weighing. Seeds
with weights within the range of mean weight+1 SD
from their corresponding provenance were then selected
to minimise maternal effects in the experiment (Harris
et al. 2012). We selected 50-90 seeds per provenance for

301
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104
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(subsp. longifolia) (subsp. sophorae)

Invasive

Range

Fig.1 Comparison of seed mass between seeds from the native range
of two subspecies of A. longifolia and seeds from the invasive range
(Portugal). Letters show statistically significant differences identified
via a Kruskal-Wallis test followed by a pairwise Mann—Whitney U
Post-Hoc test (a=0.05)

germination, and, since seed viability was unknown, avail-
able seeds from other provenances were also germinated as
a precaution. Seeds were surface sterilised with 5% com-
mercial bleach for 5 min and then rinsed with distilled
water. Immediately following the sterilisation, seeds were
transferred to a water bath at 100 °C for 1 min to promote
germination, then placed into Petri dishes lined with paper
filter saturated with distilled water (maximum 10 seeds per
dish). Petri dishes were sealed and placed in a germination
room with a 16 h/8 h photoperiod and temperature ranging
from 23 to 25 °C.

Table 1 Range, subspecies

. . Range Subspecies ID code Provenance K-G

identity, ID code, provenance,

anq cor re§p0nding K.(jppe.n— Native subsp. longifolia RP14 Woy Woy, NSW, Australia Cfa

Ei?igc}ejliﬂﬁljﬁeef1;§85282?%? the Native subsp. longifolia RP15 Appin, NSW, Australia Cfb

Australian A. longifolia seeds Native subsp. longifolia IN1 Mosman, NSW, Australia Cfa

used in this study Native subsp. sophorae AH20 Yeppoon, QLD, Australia Cfa
Native subsp. sophorae RP17 Appin, NSW, Australia Cfb
Native subsp. sophorae RP16 Woy Woy, NSW, Australia Cfa
Invasive unknown VC Vila do Conde, Porto district, Portugal Csb
Invasive unknown CC Costa da Caparica, Settbal district, Portugal Csa
Invasive unknown MG Monte Gordo, Faro district, Portugal Csa

QLD Queensland; NSW New South Wales
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Glasshouse experiment

Following germination, seedlings were transferred to black
plastic pots in a glasshouse (Faculty of Sciences, University
of Lisbon, Lisbon, Portugal) containing 0.5 L of commercial
garden soil mixed with sand in a 3:2 ratio, following Harris
et al. (2012). We placed 1-3 seedlings in each pot to account
for variation in seedling survival. Seedling transfers between
pots were done over the course of 12 days due to variabil-
ity in germination speed and germinability (i.e., percentage
of seeds that germinated; Lozano-Isla et al. 2019) between
seeds (Supplementary Information, Fig. S1, Lozano-Isla
et al. 2019). Water-holding capacity of the soil was esti-
mated by fully saturating 10 pots with 100 or 200 mL of
water and measuring the excess water that leaked from the
bottom of the pots, resulting in a mean estimate of 100 mL.
After an acclimation period of 3 weeks, we randomly
removed any extra seedlings so that only one remained
per pot. Shoot length (cm) was measured for each retained
seedling. Seedlings were then subjected to different water
and nutrient treatments for 13 weeks, with pots randomly
repositioned in the glasshouse every 2 weeks. We applied
different water and nutrient treatments in a fully factorial
design, consisting of the following treatment combinations:
high water and nutrients (hereafter W + N +), irrigation at
70% field capacity (70 mL) with nutrient supplementation;
high water and low nutrients (hereafter W 4+ N—), irrigation
at 70% field capacity (70 mL) without nutrient supplementa-
tion; low water and high nutrients (hereafter W—N +), irri-
gation at 20% field capacity (20 mL) with nutrient supple-
mentation; and low water and nutrients (hereafter W—N—),
irrigation at 20% field capacity (20 mL) without nutrient
supplementation. Nutrient supplementation involved water-
ing the seedlings with a modified Hoagland solution (see
Supplementary Information, Table S1; Hoagland 1932)
every 4 weeks, starting on the first day of treatment appli-
cation. Each unique provenance by treatment combination
was replicated 12 times, except for the RP16 provenance
for which only 33 seedlings were available, and thus nine
seedlings for the W + N + treatment and eight seedlings for
the remaining treatments were used. In total, our experiment
consisted of 417 potted seedlings. As we had no control over
temperature and relative humidity in the glasshouse and an
hourly registry of these variables was kept for the duration
of the experiment (see Supplementary Information, Fig.
S2) using a HOBO Data Logger (Onset, MA, USA). During
this period, temperature ranged between 8.52 and 41.62 °C,
with the mean being 22.32 °C, and relative humidity ranged
between 18.10 and 88.06%, with the mean being 58.28%.
Regardless of treatments, seedlings were watered twice a
week with the appropriate amount of water. Towards the end
of the experiment, and during the onset of summer, seedlings
were watered three times a week to ensure that plants under
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stress conditions remained alive and that no water stress was
induced in well-watered plants.

Data collection

After the 13-week growth period, plants were harvested and
the following measurements taken: total plant length (cm),
shoot length (cm), root length (cm; total plant length—shoot
length), shoot increment (cm; initial shoot length—final
shoot length), total number of phyllodes, total phyllode area
(cm?; Li-3000C Portable Leaf Area Meter, LI-COR, NE,
USA), and total phyllode wet weight (g; Acculab ALC-210.4
analytical balance, Acculab, NY, USA). After taking meas-
urements, shoots and roots were separated into paper enve-
lopes and placed in an oven at 60 °C for 72 h to dry. Once
dried, we measured phyllode biomass (g), shoot biomass
(g), total biomass (g), and root biomass (g; total biomass—
shoot biomass) using an Acculab ALC-210.4 analytical bal-
ance (Acculab, NY, USA), and calculated the root-to-shoot
biomass ratio (RSR) and total phyllode water content (%)
using the formula [(total phyllode wet weight—total phyllode
biomass)/total phyllode wet weight] X 100. All wet weight/
biomass measurements were converted to mg for statistical
analyses.

Statistical analyses

All statistical analyses were performed in the R statisti-
cal environment (R Core Team 2016). To assess if seed
mass was significantly different between subspecies of A.
longifolia in Australia and invasive populations, we used a
Kruskal-Wallis test followed by a pairwise Mann—Whitney
U Post-Hoc test (n= 150 seeds per range, 50 seeds per prov-
enance), as our data failed the assumptions of normality and
homoscedasticity of variances.

We calculated a Pearson correlation matrix for all trait/
growth measurements (Hmisc R package; Harrell Jr. and
Dupont 2023) to eliminate highly correlated variables from
the dataset. Using a threshold of r=0.8, we selected five
variables for further analyses: total biomass, root length,
number of phyllodes, total phyllode water content, and RSR
(Supplementary Information, Fig. S3, but see also Fig. S4A).
To explore whether the two subspecies of A. longifolia have
different responses to water and nutrient availability, we per-
formed a Principal Components Analysis (PCA) using the
selected traits (FactoMineR and factoextra R packages, Kas-
sambara and Mundt 2020; Husson et al. 2023). Since both
seed mass and the PCA revealed no significant differences
between subspecies (see Results), data from the native range
were pooled for further analyses.

For the five selected traits, we determined the distribution
model that best fit each dataset (e.g., log-normal, Poisson,
gamma), as these data were not normally distributed. For
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total biomass, root length, and RSR we selected a gamma
distribution, while for the number of phyllodes we selected
a Poisson distribution, and for total phyllode water content
we selected a log-normal distribution. We then fitted a gen-
eralised linear model (GLM; Ime4 R package, Bates et al.
2023) using each trait as response and treatment, range,
and their interaction as fixed terms, followed by a Type III
Likelihood Ratio test (ANOVA type III; car R package, Fox
et al. 2023) and a post-hoc test via computation of estimated
marginal means (EMMs; emmeans R package; Lenth et al.
2023) and a p-value Sidak correction for multiple compari-
sons only for significant terms. We also fitted a GLM for per-
centage of plant survival using the same procedure (gamma
distribution).

Results
Differences between Acacia longifolia subspecies

Seed mass did not differ significantly between native A.
longifolia subsp. longifolia and A. l. subsp. sophorae
(Fig. 1). However, seeds from the invaded range were sig-
nificantly heavier than seeds from the native range (Fig. 1;
Kruskal-Wallis test X2 =71.500, df=2, p<0.001). Mean
seed mass was 14.79 mg (+3.104 SD) for subsp. longifolia,
14.64 mg (+4.880 SD) for subsp. sophorae, and 18.46 mg
(+4.214 SD) for invasive range seeds.

PCA analysis based on the five selected traits revealed no
obvious grouping by subspecies (Fig. 2). The selected traits
showed low multicollinearity (Supplementary Information,
Fig. S4A), and all data variability was explained by five
dimensions, with the first two dimensions contributing to
46.0 and 22.2% of the observed variation (Supplementary

Fig.2 Exploratory Principal
Components Analysis (PCA)

of the five selected traits (total
biomass, root length, number of
phyllodes, total phyllode water
content, and RSR) between
native range subspecies of A.
longifolia

Information, Fig. S4B). Considering these results, data from
the native range of both subspecies were pooled for further
analyses.

Seedling responses to water and nutrient
availability

Seedling responses differed significantly among water and
nutrient treatments, range (native vs. invasive), and their
interaction (Table 2). The exceptions were: phyllode water
content, which had no significant differences among ranges,
yet the interaction between range and treatment did show
significant differences for this trait; and RSR and percentage
of plant survival, which were only significantly impacted by
water and nutrient treatments (Table 2). Bar plots of mean
values of each trait, grouped by treatment and range, and
the results of the post-hoc tests are shown in Fig. 3. See
Supplementary Information, Table S2 for trait means and
standard error (SE).

Overall, the total biomass of seedlings decreased signifi-
cantly in response to increased water and nutrient stress con-
ditions (Fig. 3a). The total biomass of seedlings under the
W + N+ treatment was higher than that of seedlings under
all other treatment combinations, irrespective of range.
Conversely, total biomass of invasive seedlings under the
W-N- treatment was significantly lower than that of seed-
lings under other treatment combinations (p < 0.001 for all
comparisons), while native seedlings under this treatment
did not significantly differ in biomass from that of seedlings
under intermediate treatments (i.e., W + N— and W-N+).
Seedlings under intermediate treatments produced similar
amounts of total biomass, irrespective of range.

Within ranges, invasive seedlings had significantly higher
biomass under the W+ N + treatment and significantly

Izl subsp. longifolia
= |Z| subsp. sophorae

0.0 25
Dim1 (46%)
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Table 2 Analysis of deviance table (Type III Likelihood Ratio test)
for testing the significance of the treatment and range factors (and
their interaction) in each trait’s GLM and the percentage of plant sur-
vival GLM

Trait Factor df X2 Pr (> Xz)
Total biomass Treatment 3  101.657 <0.001
Range 1 20.825 <0.001
Interaction 3 30.209  <0.001
Root length Treatment 3 50.507  <0.001
Range 1 7404 <0.01
Interaction 3 8.029 <0.05
Number of phyllodes Treatment 3 26.023 <0.001
Range 1 6.119 <0.05
Interaction 3 14.689 <0.01
Phyllode water content Treatment 3 38.248  <0.001
Range 1 1.995 0.158
Interaction 3 8.124  <0.05
RSR Treatment 3 22.613  <0.001
Range 1 0.632 0.427
Interaction 3 3.804 0.283
Percentage of plant survival Treatment 3 14325 <0.01
Range 1 1.729 0.189
Interaction 3 3.009 0.390

Statistical significance (p <0.05) indicated in bold font

lower biomass under the W-N— treatment (p <0.001)
when compared with seedlings under other treatments
(i.e., W+ N- and W-N +), which resulted into similar and
intermediate levels of biomass. Native seedlings, however,
had similar biomass under well-watered conditions (W +)
regardless of the addition of nutrients, that was significantly
higher than the biomass produced by seedlings under water
stress conditions (W—), also regardless of additional nutri-
ents (p <0.001 for all W 4+/W— treatment comparisons).

In general, the root lengths of seedlings under W + treat-
ments were significantly higher than that of seedlings
under W— treatments (except for invasive W-N + seed-
lings), but no significant differences among ranges were
found (Fig. 3b). Conversely, several differences were found
within each range. Invasive seedlings had significantly
longer roots under the W + N + treatment than under the
W-N- treatment (p <0.001), yet, similar and intermediate
root lengths under intermediate treatments. Water stress also
significantly impacted the root length of invasive seedlings
(p<0.01 for all W 4 /W — treatment comparisons except the
W-N+/W +N- comparison, which was non-significant),
regardless of nutrition. For native seedlings, seedlings under
both W + treatments (i.e., W + N+ and W +N-) had signifi-
cantly longer roots than seedlings under both W— treatments
(i.e., W-N+and W-N—, p <0.01 for all comparisons).

In contrast with other traits, there was no identifiable
trend for the number of phyllodes produced with increased
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stress conditions, and there were no significant differences
in the number of phyllodes produced among ranges under
any treatment (Fig. 3c). However, when comparing seedlings
within each range, invasive seedlings produced a signifi-
cantly lower number of phyllodes under the W—N— treat-
ment than under the W + N + treatment (p <0.001), and a
similar number of phyllodes under intermediate treatments.
Curiously, for native seedlings, those under the W—N + treat-
ment had less phyllodes compared to all other treatments
and seedlings under the W 4 N + treatment had more phyl-
lodes, while seedlings from the W +N— and W-N— had
similar, and intermediate, numbers of phyllodes, indicating
a combination effect of water and nutrition on the number
of phyllodes formed by native seedlings.

Regarding phyllode water content, it is important to point
out that the variation in this trait was very low compared
to the other traits analysed, both among ranges and among
treatments (Fig. 3d). Despite this, and contrary to other
traits, there was an overall increase in phyllode water content
as stress conditions increased, while no significant differ-
ences were found among ranges under any treatment. Within
ranges, phyllodes of both invasive and native seedlings had
lower water content under the W + N + treatment compared
to all other treatments. Additionally, for seedlings from the
native range, phyllode water content was higher under the
W-N + treatment compared to other treatments, highlighting
the effects of water stress.

Post-hoc analysis of RSR was averaged over ranges,
as only treatment significantly affected this trait (Fig. 3e;
Table 2). Seedlings grown under nutrient supplementation
(N +) had significantly lower RSR when compared with
seedlings under treatments without nutrient supplementation
(N—, p<0.001 for all comparisons), indicating that the latter
tend to invest more into roots than aboveground biomass.

Lastly, we analysed percentage survival, which was also
averaged over ranges since these did not have a significant
effect on plant survival (Fig. 4). As expected, seedlings
under the highest stress conditions (i.e., W—N— treatment)
had significantly lower survival than those under all other
treatments (p < 0.05 for all comparisons).

Discussion

In this study, we assessed seedling growth responses and
survival to water and nutrient availability of one of the most
problematic plant invaders in Mediterranean areas of the
world, Acacia longifolia (Kull et al. 2011; Richardson et al.
2011), by comparing the performance of seedlings from
native and invasive ranges. The inclusion of seedlings from
the two described A. longifolia subspecies also enabled us
to determine whether stress responses differ between them.
Contrary to our initial hypothesis, our results revealed that
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Fig.3 Bar plots showing the mean values of a total biomass, b
root length, ¢ number of phyllodes, d phyllode water content, and e
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represent standard error. Letters show significant differences identi-
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followed by an ANOVA type III analysis and a post-hoc test via
computation of EEMs. W +/-— Well-watered/drought conditions;
N +/- — Nutrient supplementation/no supplementation

invasive seedlings have limited capacity for stress resistance
compared to their native counterparts, probably related to
lower drought tolerance, highlighting that the speed of inva-
sion by A. longifolia is likely dependent on local conditions.
In the case of Portugal, this means that the drier parts in the
south of the country may be less likely to be invaded or, if
A. longifolia is introduced into these areas, its invasiveness
may be lower. However, it is important to note that while
seeds from the invasive range used in this study were col-
lected in the field from soil seed banks, the seeds from the
native range were obtained from nurseries, and information
on how long ago these seeds were collected, from how many
different individuals they originated, their genetic relation-
ships (e.g., sibling trees), or their exact geographic origins,
are unknown. These nursery seeds may have also been col-
lected from fully mature pods of the best performing plants,
while seeds collected from soil seedbanks in Portugal be of
any quality and age (e.g., seeds may have remained dormant
in the soil for multiple years). Further, we have not per-
formed any tests to identify potential differences in germina-
tion and the effects of scarification in nursery vs. soil seed
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bank origins. Nevertheless, we found the mean germination
time and germinability of seeds to be unrelated to their ori-
gin (Supplementary Information, Fig. S1). We found support
for our second hypothesis, by showing that both A. longi-
folia subspecies responded similarly to different conditions
of water and nutrient availability, which agrees with other
studies suggesting that the species’ intraspecific taxonomic
subdivision requires revision (see Vicente et al. 2023a, b).

We found that A. longifolia seeds from the invaded range
were significantly heavier than those from the native range
(also see Correia et al. 2015; 2016; Fig. 1). Like most other
traits we measured, seed mass was also similar between the
two subspecies of A. longifolia (Fig. 2). Thus, any discussion
regarding range will focus only on native versus invasive
range only and not subspecies identity.

We found stressful abiotic conditions (i.e., water stress
without nutrient supplementation) to significantly reduce
plant survival (Fig. 4), as well as the production of total
biomass, root length, and the number of phyllodes (Fig. 3a,
b, ¢), while intermediate stress conditions (i.e., W +N— and
W-N+) had less severe effects on these traits compared to
the low stress conditions (W + N + treatment). Moreover,
water stress (W—) seemed to impact seedling growth perfor-
mances more negatively than nutrient stress, as was seen by
the effects of the W +N— and W-N + treatments. This is in
contrast with the results reported by Sampaio et al. (2023),
which showed that water stress by itself had minor effects on
invasive A. longifolia seedling development while its inter-
action with added nutrition had stronger effects, although
these authors did note that the water stress regime applied
in their experiment was mild. Conversely, in our study, water
stress was the determinant factor when nutrients were added
(N +) in some instances, as observed by its effects on the
number of phyllodes and phyllode water content (Fig. 3c
and d, respectively). This is likely due to the capacity for
A. longifolia to successfully form symbioses with nitrogen-
fixing rhizobia (e.g., Rodriguez-Echeverria et al. 2009; Jesus
et al. 2020), making a lack of nutrients perhaps an easier
barrier to overcome during early stages of development com-
pared to water stress. Australian acacias are generally also
well-adapted to nutrient-poor soils (Young and Young 2001;
Morris et al. 2011). Several studies have also found that A.
longifolia has been co-introduced from Australia with its
compatible rhizobia into countries such as New Zealand,
Portugal, and South Africa (Rodriguez-Echeverria 2010;
Criséstomo et al. 2013; Warrington et al. 2019; Le Roux
et al. 2021), which likely contributes to the success of this
species in nutrient-poor soils, such as coastal dune systems.
Given the short duration of our experiment, we did not quan-
tify nodulation. Similar to our findings, Morais and Freitas
(2012) found A. longifolia seedlings to persist under moder-
ate water stress conditions, regardless of seed origin within
the invasive range (wet or dry regions of Portugal), but that
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prolonged water stress severely limited seedling develop-
ment. We found seedling growth responses to be dependent
on range, with native seedlings showing higher tolerance to
drought than invasive seedlings. Interestingly, it is gener-
ally thought that larger seeds supply more provisions during
early seedling life compared to smaller seeds (e.g., Westoby
et al. 2002), resulting in higher tolerance to abiotic stresses.
Thus, it is reasonable to expect that invasive A. longifolia
seedlings have an advantage over native seedlings under
abiotic stress conditions since they originate from heavier
seeds (Fig. 1). However, our results show that this is not the
case for water and nutrient stress. One possible explanation
for this result may be the effects of seed imprinting that
result in different resource allocation strategies (Skalova
et al. 2012). That is, invasive seedlings might have inherited
maternal allocation strategies favouring traits such as early
growth and development (Matzek 2011; 2012) instead of
drought resistance. Whether such imprinting benefits suc-
cessful colonisation of new environments deserves further
research attention. Similarly, Dlugosch et al. (2015) found
that invasive Centaurea solstitialis was less drought tolerant
than its native-range counterparts, and that this tolerance
was strongly negatively correlated with plant size. These
authors argued that invasive C. solstitialis evolved strate-
gies for better resource (i.e., water) exploitation, rather than
resource allocation, which is a possible explanation for our
observations in A. longifolia.

The trait most affected by stress conditions in our experi-
ment was the amount of biomass produced by A. longifo-
lia seedlings, which was drastically reduced under the most
stressful conditions in invasive seedlings, supporting the
idea that invasive seedlings have lower drought tolerance
than native seedlings. Similarly, Harris et al. (2012) found
invasive A. longifolia seedlings in Australia to produce more
biomass than native range seedlings. However, our results
also indicated that this is the opposite under stress condi-
tions, i.e., invasive seedlings produce significantly lower
total biomass compared to native seedlings (Fig. 3a). This
result suggests, from a plant economics spectrum perspec-
tive, that invasive seedlings might have better strategies to
utilise resources when these are available, thus displaying
faster growth under favourable conditions (Montesinos
2022). On the other hand, under increased stress condi-
tions, we found both phyllode water content and RSR to
increase. The former was significantly lower under high
water and nutrient availability (W +N+) in invasive seed-
lings (Fig. 3d), while RSR was significantly higher in the
absence of nutrient supplementation (N—), regardless of
water availability (Fig. 3e). We suggest that the general
increase in phyllode water content under stress conditions
is the result of higher water allocation into phyllodes to sus-
tain their effective functioning, such as photosynthesis and
evapotranspiration regulation. Regarding RSR, as expected,

seedlings under treatments with nutrient supplementation
(N+) had higher RSR in comparison with seedlings under
nutrient stress (N—), irrespective of water availability. While
differences in shoot biomass also influence RSR, it is more
likely that this result is related to differences in root biomass;
under nutrient and water stress (W—N—), seedlings invested
more resources into roots in order to maximise their access
to potential soil water, while seedlings under well-watered
and nutrient stress conditions (W + N—) invested more
resources into roots in order to start the nodulation process
and compensate for the lack of nutrients, a known strategy
of A. longifolia (e.g., see Rodriguez-Echeverria et al. 2009;
Ulm et al. 2017b). In fact, studies have found Acacia roots
to be more plastic in response to nutrient availability com-
pared to other species (Morris et al. 2011), and the RSR
of A. longifolia under low nutrient concentrations can be
double that of native Mediterranean dune species (Peperkorn
et al. 2005). Here, we observed the same pattern at the intra-
specific level, although the difference in RSR was not as
severe. Interestingly, a previous study showed that seedlings
of invasive species tend to have faster root growth compared
to seedlings of native species, leading to competitive superi-
ority (Ni et al. 2018). However, this was not observed at the
intra-specific level of this study (W + N + treatment), either
for RSR or root length measurements.

In conclusion, our data suggest that native range A. longi-
folia seedlings have higher drought tolerance than invasive
seedlings, which might limit the spread of invasive popula-
tions in Portugal into drier areas in the country. This result is
also relevant in the context of ongoing climate change, as it
indicates that some environments that are currently invaded
by the species might become unsuitable in the future while
others might become more suitable (see Vicente et al. 2020
for an example in South America). We also found no differ-
ences in stress responses among the described native subspe-
cies of A. longifolia, an important result for the implemen-
tation of efficient management strategies. In addition, our
results also hint at a possible role of seed “imprinting” in the
early growth responses of A. longifolia to water and nutri-
ent availability. That is, from a plant economics spectrum
perspective, invasive populations may invest more resources
into seeds (i.e., quality) than native-range populations, and
this translates into seedling performance. Further studies
are required to understand the differences between these
responses at the intraspecific level, and how these relate to
different environmental conditions and the species’ invasive
capacity.
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