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Abstract

Background and Aims

Biological invasions modify the structure and functioning of the recipient ecosystems, including soil
properties that determine plant development. To determine whether tree invasions affect soil properties
across soil layers, we evaluated chemical and physical soil properties across multiple depths in
subtropical mountain forests invaded by Ligustrum lucidum in northwestern Argentina.

Methods

We collected soil samples from native subtropical forests and forests invaded by L. lucidum at three soil
depths (0-10, 11-30, and 31-50 cm). For each sample, we measured cation exchange capacity, pH, bulk
density, and the concentrations of aN, C, P, Ca?*, Mg?*, Na*, and K*. We used Gamma regressions to
estimate mean values for each soil property for each forest type (native vs invaded) and soil depth
combination.

Results

L. lucidum invasion altered soil properties down to 50 cm depth. The most pronounced change occurred
in the deepest layer sampled, where P increased markedly, whereas K*, Na*, and Mg?* decreased relative
to native forest soil. These patterns remained detectable across all soil layers. C, Ca2*, and bulk density
smoothly increased in invaded forest soil in different layers. N increased slightly in the upper layer of
invaded forests, but decreased in the middle layer for the former. CEC and pH were not affected by L.
luciduminvasion.

Conclusions

The effects of L. lucidum invasion go beyond the upper soil layer. By modifying nutrient availability and
physical properties throughout the soil profile, invaded forests exhibit a distinct belowground
environment with potential consequences for ecosystem functioning and native vegetation recovery.

Introduction

Invasive non-native species (INNS) are species that have established self-sustaining populations across
multiple locations and can colonise areas outside their native ranges (Blackburn et al. 2011; Soto et al.
2024), impacting ecosystems, economies, and human societies (Roy et al. 2024). Impacts are
particularly strong when INNS act as ecological engineers, altering ecosystem properties and triggering
cascading effects on ecosystem processes and native biodiversity (Crooks 2002; Rilov et al. 2024).

Invasive ecosystem engineers can profoundly modify soil conditions, making invasion-driven soil
alteration particularly important. Soil nutrients support all terrestrial life processes, and their dynamics
are shaped by interactions between abiotic (e.g., moisture, pH, texture) and biotic factors, particularly
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vegetation and soil biota (Guerra et al. 2022). Mountain soils in particular are highly dynamic systems.
The combination of steep slopes, young parental materials, and active erosion limits the development of
deep soil horizons, resulting in shallow, weakly developed soils (Egli and Poulenard 2016). In mountain
forests, where slopes commonly reach 30-40%, vegetation cover plays a dual role: it influences soil
composition through nutrient uptake and litter return, and it stabilises the soil by reducing water erosion.
Consequently, changes in vegetation may affect the characteristics of the entire soil profile by altering
dominant species nutrient-use strategies, root traits, and litter quality, leading to contrasting patterns of
nutrient uptake, organic matter inputs, and microbial activity (Guerra et al. 2022).

Invasive non-native trees tend to exhibit growth and reproductive strategies that foster rapid capture of
edaphic resources, thereby altering biogeochemical cycles and nutrient availability for co-occurring
species (Afreen et al. 2023; Green et al. 2025). In particular, plant invasions can impact soil decomposer
organisms that drive carbon and nutrient cycling by breaking down plant material, root exudates and soil
organic matter, influencing soil physicochemical characteristics such as pH, organic matter content, soil
water-holding and soil structure (Ehrenfeld et al. 2005; van der Putten et al. 2016). Plant invasions can
further amplify such changes by disrupting microbial assemblages through the selection of certain
microorganisms over others (Le Roux et al. 2018), leading to shifts in microbial composition and
function that can alter nutrient cycling (Van Der Heijden et al. 2008). Such processes occur at different
soil depths. While nutrient decomposition can alter litter and the upper soil layer, nutrient uptake and
plant exudates occur in the rhizosphere, affecting the deeper soil layers. These alterations can adversely
affect sensitive native species, potentially facilitating further invasions (e.g., invasion meltdown; Green et
al. 2011). Even after the removal of invasive species, alterations in soil nutrient pools, microbial
assemblages, and mutualistic soil networks can persist as legacy effects, constraining native species
assemblages and disrupting plant successional trajectories toward undesirable alternative ecosystem
states (Corbin and D’Antonio 2012; Albertson et al. 2024). Effective management of invasive trees acting
as ecosystem engineers therefore requires an understanding of soil dynamics throughout the soil profile,
as these processes can strongly influence the recovery of native forests.

The invasion of the non-native glossy privet (Ligustrum lucidum) represents a key threat to the
conservation of the southernmost limit of Yungas mountain forests, which occur in the eastern foothills
of the Andes, from Venezuela to Northwestern Argentina (Cabrera 1976; Oyarzabal et al. 2018; Nanni et
al. 2020). The ecosystem engineer L. lucidum forms monodominant forests and progressively replaces
native forests (Montti et al. 2017, 2021; Fernandez et al. 2020), affecting canopy structure and light
availability (solar radiation), as well as litter depth and quality (including C: N ratio) and soil moisture
(Ayup et al. 2014; Zamora Nasca et al. 2014; Aragoén et al. 2014a). Invaded forests accumulate litter that
decomposes faster than that of native species due to their lower cellulose and lignin content, thereby
leading to faster decomposition rates (Aragén et al. 2014a). In addition, the replacement of native
forests by glossy privet alters soil processes by changing fungal and faunal species composition
(Aragon et al. 2014b; Fernandez et al. 2017) and modifying soil enzyme composition and concentration
(Aragon et al. 2014b). Such alterations can accelerate nutrient uptake and overall nutrient cycling,
particularly nitrogen cycling (Aragén et al. 2014b).
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Many studies assessing the impacts of plant invasions, including those of glossy privet, have focused on
the uppermost layers of soil (often the top 10 cm), potentially overlooking deeper soil changes where
plant roots remain active and may influence vegetation recovery after glossy privet removal. To address
this gap, we asked whether glossy privet alters soil physical and chemical properties beyond the top 10
cm of soil, and how these effects vary with depth up to 50 cm in Yungas forests in Tucuman, NW
Argentina. We hypothesise that invasion by the exotic species would decrease exchangeable base cation
concentrations (e.g., Ca, Mg, K, and Na) while increasing soil organic matter-related nutrient pools,
particularly soil C and N, relative to native forests. These changes were expected to be strongest in the
upper soil layer for C and N and in the lower soil layer for exchangeable cations.

Methodology
Study area

Our study sites were part of the Selva Tucumano-Boliviana, or Yungas ecoregion, which consists of
montane, subtropical cloud forests in the eastern foothills of the Andes (Fig. 1A, Cabrera 1976; Olson et
al. 2001; Brown et al. 2005). This ecoregion harbours high biodiversity due to its capacity to capture
nutrients and water from global circulation regimes (Brown et al. 2005). It is characterised by a strong
altitudinal gradient from 400 to 3,000 m.a.s.l., with steep slopes on which different vegetation units
develop: lowland forests (upper limit 700 m.a.s.l.), lower montane forests (upper limit 1500 m.a.s.l.), and
upper montane forests (upper limit 3000 m.a.s.l.). We conducted our study in the lower montane forests
(Fig. 1B, 700m a.s.l.), characterised by a humid subtropical climate, a rainy season from October to April,
and mean annual temperatures of around 19°C (Minetti 2005). Slope (ranging between 30-40%) is a
limiting factor for soil development, producing shallow soils, with a dark upper layer and high levels of
organic matter (Puchulu and Fernandez 2004).

The vegetation of lower montane forests comprises a variety of plant life forms (trees, shrubs, herbs,
epiphytes, and vines), with a canopy of evergreen and semi-deciduous tree species, with relatively high
abundances of native tree species such as Allophylus edulis, Blephalocalix salicifolius, Cedrela
angustifolia, Cupania vernalis, Myrsine laetevirens, Ocotea porphyria, and Tecoma stans (Brown et al. 2005;
Blundo et al. 2012). Our study area has been subject to extensive logging, agriculture, and cattle grazing
until the 1970s and 1980s, when the protected areas “Parque Sierra de San Javier” and “Reserva
Experimental de Horco Molle" were established, respectively (Grau et al. 1997). Since then, spontaneous
forest recovery has occurred. Importantly, this process has often been accompanied by the invasion of
the INNS, Ligustrum lucidum, leading to the formation of monodominant invaded forests (Easdale et al.
2007; Montti et al. 2017; Jimenez et al. 2021).

Field surveys
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We selected 13 previously established forest plots based on their tree composition to obtain a
representative sample of invaded and native forests. Five of them were dominated by native tree species
and belong to the Red Subtropical de Parcelas Permanentes (RSPP, Ceballos et al. 2022), whereas the
remaining seven plots were dominated by glossy privet and belong to the CONTAIN project (Lambin et
al. 2020). We considered a plot to be invaded when the relative abundance of glossy privet (individuals
larger than 10 cm DBH) was greater than 50%. All our plots covered at least 1 hectare, and we are not
aware of any forest fires, logging, or cattle presence in these plots in the last 30 years.

Within each forest plot, we established five to seven points at random, spaced at least 10 meters apart.
At each point, we used a soil auger to collect soil samples from three depth layers: upper (0-10 cm),
middle (11-30 cm), and deeper (31-50 cm). We took two separate soil samples per layer (one for
chemical analysis and the other for bulk density). We stored soil samples in sealed plastic bags and
transported them to the laboratory.

Laboratory analyses

We analysed a total of 209 soil samples in the laboratory, of which 134 were from invaded forests (64%).
To determine bulk density, we used the soil core cylinder method (Blake and Hartge 1986; Campbell and
Henshall 1991), except for cases with a high proportion of coarse material (e.g., stony soils). In these
situations, we determined the soil bulk density using the excavation method (Blake and Hartge 1986).

We dried and sieved all samples (2 mm mesh) before chemical analyses. We determined the total
carbon and nitrogen content of all soil samples by dry combustion (LECO CN 628). We determined soil
extractable P using the Bray and Kurtz | method (Bray and Kurtz 1945), and we measured cation
exchange capacity and exchangeable Ca?*, Mg?*, Na* and K* using the ammonium acetate at pH 7
method (Food and Agriculture Organization of the United Nations (FAO 2022). We measured soil pH in
distilled water (1:2.5 soil-to-solution ratio). We repeated all analyses that had values outside the
expected analytical range in the first measurement.

We conducted nitrogen and carbon analyses at the Instituto de Investigacion Animal del Chaco
Semiarido laboratory in Tucuman, Instituto Nacional de Tecnologia Agropecuaria (INTA), and all other
determinations at the Edaphology Laboratory of the Facultad de Agronomia y Zootecnia, Universidad
Nacional de Tucuman, Argentina.

Statistical analyses

We modelled the value V,;;, of each of the 10 physical and chemical soil characteristics, z, as a function
of the survey plot, j, the type of forest (non-invaded vs invaded), j, and the sample depth, k, using a
Gamma-log model parameterised by the mean and the standard deviation of the Gamma distribution:

log(A ,ik) = a 7+ B 7kj, (1)
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V ,ijk~ Gamma(mean = A, ;;, standard deviation = 0), (2)

where A, is the mean value of element z in plot i of forest type j at soil depth k (on the log-scale), a, ; is
a the plot-specific random effect (on the log scale) of element z that controls for plot-level effects, Bkjis

the mean value (on the log-scale) of element z in forest type j and soil depth k, and o is the standard
deviation. A Gamma distribution has a support in the range of positive continuous values (i.e., between 0
and infinity, and including decimals) and, therefore, is an appropriate choice for analysing our data.
Typically, the Gamma distribution is parameterised by its shape and scale rather than the mean and
standard deviation (Thompson Hobbs and Hooten 2015). However, the mean and standard deviation can
be derived using the method of moments (Thompson Hobbs and Hooten 2015), and this parametrisation
is easier to understand and manipulate, and is available in existing R software packages (de Valpine et
al. 2017). We do not provide the mathematical equivalences between the shape, scale, mean, and
standard deviation of the Gamma distribution here; interested readers are referred to (Thompson Hobbs
and Hooten 2015) for details.

We fitted the model in expressions 1 and 2 to each of the nine soil elements independently (i.e., we fitted
one model per element z) using Bayesian methods implemented in the nimble and nimbleHMC packages
for the R statistical software (R Core Team 2022). We used relatively uninformative priors for all model
parameters. We specified an a priori distribution for the plot-level random effect as a,; ~ Normal(0, 021,2),
021,2 ~ Uniform(0, 1000), B ; ~ Normal(0, Uz,k,12 =1000) for the log-scale mean effects of forest type and

soil depth, and o2 ~ Uniform(0, 1000), o = sqrt(c?) for the standard deviation of the Gamma distribution in
expression 2. All models were fitted to the data using Hamiltonian Monte Carlo methods via the No-U-
Turn Sampler (NUTS) implemented in the package nimbleHMC (de Valpine et al. 2017). The nine models
were run using three chains with 50,000 iterations each and retaining one in five iterations (thinning of
five). We discarded the first 10,000 iterations of each chain as burn-in, resulting in 24,000 draws from the
posterior distributions of the model parameters. We checked the convergence and mixing of the chains
by visually inspecting trace plots and calculating the Gelman-Rubin diagnostic. These checks showed
that the chains had converged and mixed adequately.

We evaluated the adjustment of our models to the data using Bayesian p-values (Thompson Hobbs and
Hooten 2015). Bayesian p-values compare the scores of a goodness-of-fit test, the root mean square
error in our case, obtained from the model fitted to the data to the scores expected under the
assumption that the model can generate the data (Thompson Hobbs and Hooten 2015). Bayesian p-
values can range from 0 to 1, with values > 0.05 and < 0.95 indicating an adequate adjustment of the
model to the data.

Once we had verified that the fitted model was suitable for inference, we derived the differences in the

means of each element at each depth in each forest type as (B value at a given depth in native forests - B

value at a given depth in invaded forests). This approach produces a score that is negative when the

mean value of an element is higher in invaded forests, positive if it is higher in native forests, and zero if

there is no difference between forest types. To facilitate the interpretation of the results, we estimated
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the proportion of times these comparisons between forest types were consistently positive or negative,
akin to p-values in frequentist statistics. Low values of these proportions (e.g., < 0.05) will indicate a
clear difference between the means being compared. We report the mean, standard deviation, and 95%
credible intervals of all parameters. The annotated R scripts for fitting the Bayesian models are available
in the Appendix.

Results

Our statistical analyses showed that chemical and physical properties changed between native and
invaded forests, with differences mediated by soil depth (Table 1). The most notable change was in P
concentrations, which increased on average 315% in the deepest soil layer (31-50 cm) of invaded
forests, followed by a 42% mean increase in the intermediate soil layer of invaded forests relative to
native forest (11-30 cm) (Table 1, Fig. 2). In contrast, K* and Mg?* concentrations were lower in invaded
than in native forests. These differences became more pronounced with soil depth (Table 1, Fig. 2). Na*
followed a similar pattern, albeit with a smaller magnitude (Table 1, Fig. 2). CEC and Ca?* decreased with
increasing soil depth. Still, only Ca 2* was affected by forest type in the intermediate soil layer, with a
slight increase in the invaded forest (Table 1, Fig. 2).

C and N concentrations showed minor differences between invaded and native forests, and these
differences were not consistent across soil layers. C increased in invaded forests, with differences
becoming more pronounced from the upper to the intermediate layer. On the other hand, N showed the
opposite pattern: it increased in the upper layer, but it decreased slightly in the intermediate layer in
invaded forests compared with native ones (Table 1, Fig. 2). Bulk density was higher in the invaded
forest. Although bulk density increased with soil depth in both forest types, the magnitude of the
differences between forests remained similar across all depths (Table 1, Fig. 2). In contrast, pH exhibited
similar values across both forest types and all soil depths, with minor differences that could be
attributed to measurement error (Table 1, Fig. 2).

Table 1: Estimated mean, standard deviation, and 95% credible intervals of soil properties by forest type
and depth, proportion of times these comparisons between forest types were consistently positive (Pr >
0) or negative (Pr > 0). Differences between the means in native and invaded forests were derived from
our Gamma model. Green rows indicate properties that decreased in invaded forests, while grey rows
indicate properties that increased in invaded forests.

Discussion

Our results reveal that glossy privet invasions alter both the chemical and physical properties of Yungas
mountain forest soils across the soil profile. Yet, these changes were variable in magnitude and
direction, with invaded forests exhibiting increases in some properties and decreases in others
compared to native forests. Notably, invasion-related differences were detected down to 50 cm, in the

Page 7/16



deepest layer analysed, highlighting the importance of assessing soil properties beyond the surface level
when studying the impacts of invasive tree species.

The increase in P availability in invaded forests may be explained by increased phosphatase activity
(Aragon et al. 2014b). Similar patterns in other invaded systems have been attributed to enhanced root
exudation that mobilises P and/or an increase in P-solubilising bacteria (Wang et al. 2021; Wu et al.
2025). For instance, INNS may overcome P-limitation by reshaping the soil microbiome to favour P-
mineralising taxa, thereby increasing available P fractions through both biochemical (phosphatase) and
chemical (gluconic acid/carboxylates) pathways (Yu et al. 2025). The decline in exchangeable cations
such as K*, Mg?*, and Na*, most of which are important for soil fertility and plant physiology (Guerra et
al. 2022), may result from strong nutrient uptake, supported by elevated enzymatic activity and efficient
nutrient resorption in invaded forests (Ostertag and Verville 2002; Ehrenfeld et al. 2005; Aragén et al.
2014a). Additionally, decreases in Na* may have functional implications, as Na* can partially substitute
for K* under conditions of K* limitations for some plant species (Maathuis 2014).

Additionally, soil compaction, measured by bulk density, showed the greatest difference in the upper
portion of the soil in invaded forests and decreased with depth. Higher soil bulk density in invaded
forests represents another factor that potentially limits native plant establishment. Compacted soils
could affect plant establishment and development because it hinder root penetration, reduce oxygen,
nutrient movements, and water percolation (Peralta Ogorek et al. 2025). In consequence, soils of invaded
forests are drier and show low nutrient concentrations (Zamora Nasca et al. 2014; Whitworth-Hulse et al.
2023).

Carbon increased slightly at the intermediate layer in invaded forests, relative to soils under native
forests. Ca2* and N exhibited a small, depth-dependent response to invasion: they increased slightly in
the upper layer but decreased in the middle layer. The small increases in C and N differ from those
reported in previous analyses in the same study area (Aragén et al. 2014b), which may reflect either
methodological differences or temporal or seasonal effects (Sardans et al. 2017). More broadly, the
increase in soil C and N has been identified as a global trend in plant-invaded ecosystems and is
attributed to faster nutrient cycling in those environments (Sardans et al. 2017). In our case, these
changes may be associated with faster decomposition rates of glossy privet litter relative to native
species, as well as increased decomposition enzyme activity in invaded forests (Aragén et al. 2014b, b).

Although glossy privet invasion altered several soil chemical properties, soil pH and CEC remained stable
across soil depths. This suggests that glossy privet invasion modified nutrient pools and their vertical
distribution in the soil without substantially affecting the soil's overall buffering capacity or ion exchange
potential.

In conclusion, our results support the role of the glossy privet as an invasive ecological engineer,
affecting strongly the below-ground structure and processes of the subtropical mountain forest in
Northwestern Argentina (Fernandez et al. 2017, 2020). Remarkably, the strong differences documented
in the deeper soil layer measured (30-50 cm below ground) highlight that studies restricted to the
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topsoil layer could underestimate the belowground invasion impacts. These below-ground invasion
effects can affect native regeneration, leading to divergence from the native community after INNS
control (Corbin and D’Antonio 2012; Cequinel et al. 2018). In consequence, additional actions to INNS
control should be considered to enhance soil quality for restoration. Our findings call for a better
integration of deep soil monitoring into management protocols to detect persistent invasion legacies in
soils and guide a holistic targeted restoration.

Declarations

Funding

Activities were funded by project 2022GCBCCONTAIN funded by the Global Centre on Biodiversity For
Climate (GCBC, UK). PG-D and DFRPB were supported by 2022GCBCCONTAIN. PG-D is supported by a
CONICET postdoctoral fellowship (#2282025000443700).

Competing interests

The authors declare that they have no known competing financial interests or personal relationships that
could have appeared to influence the work reported in this paper.

Author Contributions

Priscila Ana Powell: Conceptualisation, Methodology, Validation, Investigation, Resources, Data Curation,
Writing- Original Draft, Writing-Review & Editing, Visualisation, Supervision, Project administration. Pablo
Garcia-Diaz: Conceptualization, Methodology, Software, Validation, Formal Analysis, Data Curation,
Writing- Original Draft, Writing-Review & Editing, Visualisation, Funding acquisition; Roxana Aragon:
Conceptualisation, Investigation, Writing- Original Draft, Writing-Review & Editing. Natalia Banegas:
Methodology, Validation, Investigation, Resources, Data Curation, Writing -Original Draft, Writing-Review
and editing. David Burslem: Conceptualisation, Methodology, Project administration, Funding acquisition.
Romina Fernandez: Conceptualisation, Writing- Original Draft, Writing- Review and editing, Visualisation.
Florencia Yannelli: Conceptualisation, Writing- Review and editing, Visualisation. Lia Montti:
Conceptualization, Methodology, Writing-Original Draft, Writing -Review and editing, Visualisation.

Data Availability

The dataset generated during the current study is available in the EIDC REPOSITORY ( Powell et al.
2023).

Acknowledgments

The authors thank the field technicians Candela Russo, Mariana Baricco, and José Rodriguez for their
commitment to the project during fieldwork activities.

Page 9/16



References

1.

10.

11.

12.

13.

14.

15.

Albertson LK, Sklar LS, Tumolo BB, et al (2024) The ghosts of ecosystem engineers: Legacy effects
of biogenic modifications. Functional Ecology 38:52—-72. https://doi.org/10.1111/1365-2435.14222

. Aragon R, Montti L, Ayup MM, Fernandez R (2014a) Exotic species as modifiers of ecosystem

processes: Litter decomposition in native and invaded secondary forests of NW Argentina. Acta
Oecologica 54:21-28. https://doi.org/10.1016/j.actao.2013.03.007

. Aragon R, Sardans J, Pefiuelas J (2014b) Soil enzymes associated with carbon and nitrogen cycling

in invaded and native secondary forests of northwestern Argentina. Plant Soil 384:169-183.
https://doi.org/10.1007/s11104-014-2192-8

. Ayup MM, Montti L, Aragén R, Grau HR (2014) Invasion of Ligustrum lucidum (Oleaceae) in the

southern Yungas: Changes in habitat properties and decline in bird diversity. Acta oecologica
54:72-81

. Blackburn TM, PySek P, Bacher S, et al (2011) A proposed unified framework for biological invasions.

Trends in Ecology & Evolution 26:333-339. https://doi.org/10.1016/j.tree.2011.03.023

. Blake GR, Hartge KL (1986) Bulk Density. In: Methods of soil analysis. Physical and Mineralogical

Methods., Am. Soc. Agron. and Soil Sci. Soc. Am. pp 363—-375

. Blundo C, Malizia LR, Blake JG, Brown AD (2012) Tree species distribution in Andean forests:

influence of regional and local factors. Journal of Tropical Ecology 28:83-95

. Bray RH, Kurtz LT (1945) Determination of total, organic, and available forms of phosphorus in soils.

Soil science 59:39-46

. Brown AD, Pacheco S, Lomascolo T, Malizia L (2005) Situaciéon ambiental en los bosques andinos

yunguenos. La situacion ambiental argentina 587:

Cabrera A (1976) Regiones fitogeogréficas argentinas. Enciclopedia Argentina de Agricultura y
Jardineria 1-85

Campbell DJ, Henshall JK (1991) Bulk Density. In: Soil Analysis. Marcel Decker Inc., New York, USA,
pp 329-366

Ceballos S, Blundo C, Malizia A, et al (2022) Red Argentina de Parcelas Permanentes de Bosques
Nativos para promover colaboraciones cientificas en estudios de largo plazo. Ecologia Austral
32:361-377. https://doi.org/10.25260/EA.22.32.2.0.1849

Cequinel A, Capellesso ES, Marcilio-Silva V, et al (2018) Determinism in tree turnover during the
succession of a tropical forest. Perspectives in Plant Ecology, Evolution and Systematics 34:120-
128. https://doi.org/10.1016/j.ppees.2018.08.007

Corbin JD, D’Antonio CM (2012) Gone but Not Forgotten? Invasive Plants’ Legacies on Community
and Ecosystem Properties. Invasive plant sci manag 5:117-124. https://doi.org/10.1614/IPSM-D-
11-00005.1

Crooks JA (2002) Characterizing ecosystem-level consequences of biological invasions: the role of
ecosystem engineers. Oikos 97:153-166. https://doi.org/10.1034/j.1600-0706.2002.970201.x

Page 10/16



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

de Valpine P, Turek D, Paciorek CJ, et al (2017) Programming With Models: Writing Statistical
Algorithms for General Model Structures With NIMBLE. Journal of Computational and Graphical
Statistics 26:403-413. https://doi.org/10.1080/10618600.2016.1172487

Easdale TA, Healey JR, Grau HR, Malizia A (2007) Tree Life Histories in a Montane Subtropical
Forest: Species Differ Independently by Shade-Tolerance, Turnover Rate and Substrate Preference.
Journal of Ecology 95:1234-1249

Egli M, Poulenard J (2016) Soils of Mountainous Landscapes. In: International Encyclopedia of
Geography. John Wiley & Sons, Ltd, pp 1-10

Ehrenfeld JG, Ravit B, Elgersma K (2005) FEEDBACK IN THE PLANT-SOIL SYSTEM. Annu Rev Environ
Resour 30:75-115. https://doi.org/10.1146/annurev.energy.30.050504.144212

Fernandez RD, Bulacio N, Alvarez A, et al (2017) Fungal decomposers of leaf litter from an invaded
and native mountain forest of NW Argentina. Antonie van Leeuwenhoek 110:1207-1218.
https://doi.org/10.1007/s10482-017-0893-8

Fernandez RD, Ceballos SJ, Aragén R, et al (2020) A Global Review of Ligustrum Lucidum
(OLEACEAE) Invasion. Bot Rev 86:93-118. https://doi.org/10.1007/s12229-020-09228-w

Food and Agriculture Organization of the United Nations (FAO (2022) Standard operating procedure
for cation exchange capacity and exchangeable bases TN ammonium acetate, pH 7.0 method.

Grau HR, Arturi MF, Brown AD, Acefiolaza PG (1997) Floristic and structural patterns along a
chronosequence of secondary forest succession in Argentinean subtropical montane forests.
Forest ecology and management 95:161-171

Green PT, O’'Dowd DJ, Abbott KL, et al (2011) Invasional meltdown: Invader—invader mutualism
facilitates a secondary invasion. Ecology 92:1758-1768. https://doi.org/10.1890/11-0050.1

Guerra CA, Berdugo M, Eldridge DJ, et al (2022) Global hotspots for soil nature conservation. Nature
610:693-698. https://doi.org/10.1038/s41586-022-05292-x

Jimenez YG, Ardoz E, Grau HR, Paolini L (2021) Linking forest transition, plant invasion and forest
succession theories: Socioeconomic drivers and composition of new subtropical andean forests.
Landscape Ecology 36:1161-1176

Lambin X, Burslem D, Caplat P, et al (2020) CONTAIN: Optimising the long-term management of
invasive alien species using adaptive management. NeoBiota 59:119-138.
https://doi.org/10.3897/neobiota.59.52022

Le Roux JJ, Ellis AG, van Zyl L-M, et al (2018) Importance of soil legacy effects and successful
mutualistic interactions during Australian acacia invasions in nutrient-poor environments. Journal of
Ecology 106:2071-2081. https://doi.org/10.1111/1365-2745.12965

Maathuis FJM (2014) Sodium in plants: perception, signalling, and regulation of sodium fluxes.
Journal of Experimental Botany 65:849-858. https://doi.org/10.1093/jxb/ert326

Minetti JL (2005) El clima del noroeste argentino. Juan Leonidas Minetti, Tucuman

Page 11/16



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44,

Montti L, Carrillo VP, Gutiérrez-Angonese J, et al (2017) The role of bioclimatic features, landscape
configuration and historical land use in the invasion of an Asian tree in subtropical Argentina.
Landscape Ecol 32:2167-2185. https://doi.org/10.1007/s10980-017-0563-2

Montti L, Velazco SJE, Travis JM, Grau HR (2021) Predicting current and future global distribution of
invasive Ligustrum lucidum WT Aiton: Assessing emerging risks to biodiversity hotspots. Diversity
and Distributions 27:1568-1583

Nanni AS, Piquer Rodriguez M, Rodriguez D, et al (2020) Presiones sobre la conservacion asociadas
al uso de la tierra en las ecorregiones terrestres de la Argentina. Ecol Austral 30:304-320.
https://doi.org/10.25260/EA.20.30.2.0.1056

Olson DM, Dinerstein E, Wikramanayake ED, et al (2001) Terrestrial Ecoregions of the World: A New
Map of Life on Earth: A new global map of terrestrial ecoregions provides an innovative tool for
conserving biodiversity. BioScience 51:933-938. https://doi.org/10.1641/0006-
3568(2001)051%5B0933: TEOTWA%5D2.0.C0O;2

Ostertag R, Verville JH (2002) Fertilization with nitrogen and phosphorus increases abundance of
non-native species in Hawaiian montane forests. Plant Ecology 162:77-90.
https://doi.org/10.1023/A:1020332824836

Oyarzabal M, Clavijo J, Oakley L, et al (2018) Unidades de vegetacion de la Argentina. Ecol Austral
28:040-063. https://doi.org/10.25260/EA.18.28.1.0.399

Peralta Ogorek LL, Gao Y, Farrar E, Pandey BK (2025) Soil compaction sensing mechanisms and root
responses. Trends in Plant Science 30:565—-575. https://doi.org/10.1016/j.tplants.2024.10.014
Powell PA, Banegas N, Russo C, et al (2023) Chemical parameters of soils in subtropical forest plots

dominated by native trees and invaded by Ligustrum lucidum, Horco Molle, Tucuman, Argentina,
2023

Puchulu ME, Fernandez D (2004) Caracteristicas y distribucion espacial de los suelos de la provincia
de Tucuman. In: Geologia de Tucuman. Colegio de Graduados en Ciencias Geolégicas, Tucuman, pp
240-256

R Core Team (2022) R: A language and environment for statistical computing

Rilov G, Canning-Clode J, Guy-Haim T (2024) Ecological impacts of invasive ecosystem engineers: A
global perspective across terrestrial and aquatic systems. Functional Ecology 38:37-51.
https://doi.org/10.1111/1365-2435.14406

Roy HE, Pauchard A, Stoett P, Renard Truong T (2024) IPBES Invasive Alien Species Assessment:
Full report. Zenodo

Sardans J, Bartrons M, Margalef O, et al (2017) Plant invasion is associated with higher plant-soil
nutrient concentrations in nutrient-poor environments. Global Change Biology 23:1282-1291.
https://doi.org/10.1111/gcb.13384

Soto |, Balzani P, Carneiro L, et al (2024) Taming the terminological tempest in invasion science.
Biological Reviews 99:1357-1390. https://doi.org/10.1111/brv.13071

Page 12/16



45.

46.

47.

48.

49.

50.

o1.

92.

Thompson Hobbs N, Hooten MB (2015) Bayesian Models: a statistical primer for ecologists.
Princeton University Press

Van Der Heijden MGA, Bardgett RD, Van Straalen NM (2008) The unseen majority: soil microbes as
drivers of plant diversity and productivity in terrestrial ecosystems. Ecology Letters 11:296-310.
https://doi.org/10.1111/j.1461-0248.2007.01139.x

van der Putten WH, Bradford MA, Pernilla Brinkman E, et al (2016) Where, when and how plant-saoil
feedback matters in a changing world. Functional Ecology 30:1109-1121.
https://doi.org/10.1111/1365-2435.12657

Wang L, Yuan J, Wang Y, et al (2021) Effects of Exotic Spartina alterniflora Invasion on Soil
Phosphorus and Carbon Pools and Associated Soil Microbial Community Composition in Coastal
Wetlands. ACS Omega 6:5730—-5738. https://doi.org/10.1021/acsomega.0c06161

Whitworth-Hulse JI, Magliano PN, Zeballos SR, et al (2023) Ligustrum lucidum invasion alters the soil
water dynamic in a seasonally multi-specific dry forest. Forest Ecology and Management
549:121493. https://doi.org/10.1016/j.foreco.2023.121493

Wu T, Duan Q, Zhang H, et al (2025) Differences in soil nutrient and microbial characteristics
between invasive Ageratina adenophora and native plant communities. PLOS ONE 20:e0325193.
https://doi.org/10.1371/journal.pone.0325193

Yu Z, Sun X, Zeng L, et al (2025) Invasive and native plants differ in their effects on the soil microbial
community and plant-soil phosphorus cycle. Archives of Agronomy and Soil Science 71:1-13.
https://doi.org/10.1080/03650340.2025.2581402

Zamora Nasca L, Montti L, Grau R, Paolini L (2014) Efectos de la invasién del ligustro, Ligustrum
lucidum, en la dindmica hidrica de las Yungas del noroeste Argentino. Bosque (Valdivia) 35:195-
205. https://doi.org/10.4067/S0717-92002014000200007

Table

Table 1 is available in the supplementary files section

Figures

Page 13/16



A
.
EXA Subtropical mountain forests
[7] Argentina
[JSouthAmerica
b
-
Figure 1

Study area. A. Distribution of Yungas subtropical mountain forests in Argentina (according to Olson et al.
2001). B. Location of our forest plots used to assess the effects of L./uciduminvasion on soil
characteristics.
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Figure 2

Percentage of differences in soil properties (Native minus Invaded, and considering the value of the soil
property of Native forest as 100%) for the different soil layers. We present only important differences,
defined as those for which the 95% credible interval did not overlap zero or overlapped it marginally. A-
Bulk density, total carbon, total nitrogen and total phosphorus, B- Cations (Calcium, magnesium,
potassium, sodium).
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