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• Plantations with exotic species led to sim-
ilar soil microbial diversity compared to
native vegetation.

• Soil microbial communities' composition
differed between exotic plantations and
preserved native vegetation.

• Microbial activities were higher under na-
tive species and denote a higher conserva-
tion status.
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The plantation of exotic species has been a common practice in (semi-) arid areas worldwide aiming to restore highly
degraded habitats. The effects of these plantations on plant cover or soil erosion have been widely studied, while little
attention has been paid to the consequences on soil quality and belowground biological communities. This study eval-
uates the long-term (>60 years) effects of the exotic species Acacia cyclops and Pinus halepensis revegetation on soil
properties, including microbiome, in an arid island. Soils under exotic plantation were compared to both degraded
soils with a very low cover of native species and soils with well-preserved native plant communities. Seven scenarios
were selected in a small area (~25 ha) with similar soil type but differing in the plant cover. Topsoils (0–15 cm) were
analyzed for physical, chemical and biochemical properties, and amplicon sequencing of bacterial and fungal commu-
nities. Microbial diversity was similar among soils with exotic plants and native vegetation (Shannon's index = 5.26
and 5.34, respectively), while the most eroded soils exhibited significantly lower diversity levels (Shannon's index =
4.72). Bacterial and fungal communities' composition in degraded soils greatly differed from those in vegetated soils
(Canberra index=0.85 and 0.92, respectively) likely due to high soil sodicity,fine textures and compaction.Microbial
communities' composition also differed in soils covered with exotic and native species, to a greater extent for fungi
than for bacteria (Canberra index= 0.94 and 0.89, respectively), due to higher levels of nutrients, microbial biomass
and activity in soils with native species. Results suggest that reforestation succeeded in avoiding further soil degrada-
tion but still leading to relevant changes in soil microbial community that may have negative effects on ecosystem sta-
bility. Information gained in this research could be useful for environmental agencies and decision makers about the
controversial replacement of exotic plants in insular territories.
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1. Introduction

Anthropogenic changes in vegetation cover are altering the dynamics
and function, specifically the capacity to provide ecosystem services, of
the world's natural ecosystems (IPBES, 2018; Gómez-Aparicio et al., 2022;
Navarrete et al., 2023). Traditionally, restoration through the introduction
of exotic species has been practiced as a strategy for the rapid structural re-
covery of degraded habitats, especially in areas where the original vegeta-
tion has been completely removed (Liu et al., 2014; Nkonya and
Mirzabaev, 2016; Navarro-Cano et al., 2018). Globally, it is estimated
that about 44 % of plantation forests, which are intensively managed for
productive purposes, are composed mostly of introduced species
(i.e., non-native or exotic species; FAO, 2020). The criteria for plant species
selection, regardless of their origin, are mainly based on functional attri-
butes of fast growth, high adaptability and reproductive capacity
(Navarro-Cano et al., 2018), and often these plantations have been claimed
to have positive effects for preventing soil erosion, mitigating global
warming, and reducing biodiversity loss (Cifuentes-Croquevielle et al.,
2020).

However, the invasion of habitats by exotic species typically represents
a major threat to native species by reducing their genetic richness and di-
versity (Mologni et al., 2021; Stanek et al., 2020). Exotic plants may also
trigger several potentially detrimental changes at the ecosystem level,
such as modification in soil biological and physical-chemical properties,
biogeochemical cycles, biotic homogenization processes and introduction
of new pathogens (Cifuentes-Croquevielle et al., 2020; Mologni et al.,
2021; Gómez-Aparicio et al., 2022). Those effects are especially pro-
nounced on islands, where native species evolve with few competitors
and strong predators due to geographical isolation (Kier et al., 2009;
Mologni et al., 2021). This is the case of the Canary Islands Archipelago,
a hotspot of biodiversity (Otto et al., 2012), where introduced plant species
have been used for the revegetation of degraded arid and semiarid habitats
(Kelt and Meserve, 2016). In particular, two tree species have served this
purpose: Acacia cyclops A. Cunn. ex Don, a coastal shrub recognised for its
highly invasive character and to endanger native species (Boudiaf et al.,
2013; Cross et al., 2020), and Pinus halepensisMill., a generalist conifer dis-
tributed in the north-western Mediterranean region, that has the ability to
grow on different types of soil and actively colonize degraded areas, such
as those affected by fires or human activities (Tatoni et al., 2005). The con-
sequences of this introduction in the plant communities of the islands have
been poorly studied (Arteaga et al., 2009; Bello-Rodríguez et al., 2020), and
even to a lesser extent has the impact on soil properties and belowground
diversity been assessed.

Among the ecological consequences of exotic plant plantation, the soil
microbiome could be affected both directly, due to the new plant-microbe
interactions, and indirectly through changes in the soil environment such
as soil moisture, nutrient availability, and pH levels (Trentini et al.,
2020). These variations can influence the biomass, activity and composi-
tion of soil microorganisms, which might in turn modify some soil proper-
ties such as aggregate stability, structure, nutrient availability and organic
matter turnover rates (Hassani et al., 2018; Navarrete et al., 2023). It is
well-known that plant species identity impacts soil microbial communi-
ties, which respond to variation in plant traits across species that change
the quantity and quality of organic inputs into the soil, as well as the mi-
croclimatic conditions (e.g. water content and temperature) (Raposeiro
et al., 2014; Fierer, 2017; Colin et al., 2019; Fernández-González et al.,
2019). However, it is not clear how widely are the effects of exotics
plants on soil properties and contradictory results have been reported
depending on species composition and cover type, climate, soil environ-
ment, and interactions between native and exotic species (Zhou and
Staver, 2019; McLeod et al., 2021; Xu et al., 2022). Additionally, the
time elapsed after plantations can also play an important role (Li
et al., 2015). Assessing these impacts provides essential information
on soil processes (e.g., nutrient cycling, organic matter decomposition)
that allows predicting the evolution of the dynamics and function of dis-
turbed ecosystems (Vieira et al., 2022).
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In order tofill in the knowledge gap on the impact of planted exotic spe-
cies on the soil microbiome of arid insular territories, this study evaluates
the long-term (>60 years) effects of revegetating with A. cyclops and
P. halepensis in comparison to both degraded soils (i.e., soils with very
low native vegetation cover and under intense erosion processes) and pre-
served or recovered native communities (i.e., soils with high coverage of
remnant native vegetation). We studied a small area (~25 ha) of high eco-
logical value with uniform edaphoclimatic conditions, with the aim to: i)
determine the extent towhich exotic and native plants harbor different bac-
terial and fungal communities, and ii) identify the main soil abiotic predic-
tors of bacterial and fungal community composition, and their impact on
main soil functions related to organic matter decomposition (respiration
rates) and nutrient cycling (enzymatic activities). Based on the poor ob-
served effects of introduced Pinus and Acacia species on the soil conditions
in long-term monospecific plantations in their natural distribution areas
(e.g., Goberna et al., 2007; Derbel et al., 2009), we hypothesized that exotic
plant species are not able to restore the soil conditions and microbial com-
munities under more stressful environments such as that in the study area.

2. Material and methods

2.1. Study area

This studywas carried out on Lanzarote, the northeasternmost island of
the Canary Island Archipelago (Spain), located in the Atlantic Ocean be-
tween 29° 14′ 41″ and 28° 50′ 28″ N and 13° 28′ 06″ and 13° 47′ 46″ W,
and approximately 130 km of NW African coast (Fig. 1a). It is 862 km2 in
size and formed by basaltic volcanic rocks. Most parts of the island receive
an average of 150mmof rainfall per year with no parts receiving>250mm.
The rainfall is seasonal, fromOctober toMarch, with high inter-annual var-
iability. Mean monthly temperature ranges from 17.5 to 25.2 °C (AEMET
2022), with elevated solar radiation intensity (annual average of ~8 h sun-
shine per day) and an annual average wind speed of approximately
5–7m s−1. The combination of these climatic factors leads to high potential
evapotranspiration rates (ETo ~ 1200–1400 mm year−1) (Stevenson et al.,
2021). There is also high relative humidity (above 80 %) and considerable
day–night temperature fluctuations (Tejedor et al., 2004). The Aridity
Index calculated as the ratio P/PET varies between 0.05 and 0.2 which al-
lows classifying Lanzarote as arid land (Cherlet et al., 2018).

This territory is heavily affected and threatened by desertification and
particularly by water erosion processes (Tejedor et al., 2003). Current dis-
tribution of the vegetation derives from extreme aridity and a history of ex-
tensive agriculture, grazing and timber harvesting, so that only 24 % of all
the potential vegetation and just 9.3 % of the climatophilous vegetation re-
mains (del Arco Aguilar et al., 2010).

The soil studywas conducted on a landscape known as Altos de Famara,
which is part of the Archipelago Chinijo Natural Park, and located in the
northern coast of the Lanzarote island (Fig. 1a). This area is a cliff-top
plain at approximately 580 m above sea level and it has a surface of
about 25 ha (Supplemental Fig. S1). The soils can be classified as Paleargids
and Calciargids (Aridisols; Soil Survey Staff, 2014). These soils are highly
susceptible to water erosion processes, which limits its productive poten-
tial, mainly due to the high clay content that decreases infiltration and per-
meability to water, generating even in areas with low to moderate slopes
(1–5 %) and without vegetation coverage numerous streams and gullies
(Badland). As is typical for drylands, native vegetation forms scattered
plant patches including ephemeral grasses, xerophytic shrubs and
thermosclerophyllous scrubs (Stevenson et al., 2021).

2.2. Experimental design

Seven different sites were delimited in the study area according to the
type of vegetation (Fig. 1b). Two degraded sites with very low native vege-
tation coverage: (1) Badland, highly eroded soils with a vegetation cover
<2 % (mainly Launaea arborescens, Frankenia ericifolia, Helianthemum
canariense, Sonchus pinnatifidus and Aeonium lancerottense); and (2) Plain,



Fig. 1. (A) Location of the Canary Islands Archipelago, Lanzarote Island, and study area (Altos de Famara). Image obtained using ArcGIS Desktop software (ESTI's ArcGIS
Desktop 10.8 software). (B) Experimental sites in the study area. Low native species cover: “Badland” badlands soils; “Plain” sheet erosion affected soil with seasonal
vegetation (blue). Exotic species: “Pinus” Pinus halepensis reforested soils; “Acacia” Acacia cyclops reforested soils (red). High native species cover: “Mulch” lithic-mulch soil
recolonised by native vegetation; “RemVeg” soils with remnant vegetation (native plants isolated cores); “HerbiExc” soils with herbivory exclusion supporting native
vegetation (green).
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soils affected by sheet and rill erosion and with intermittent seasonal vege-
tation which at the time of sampling covered ~5 % (mainly Helianthemum
canariense, Scorpiurus sulcatus, Dipcadi serotinum, Emex spinosa, Ferula
lancerottensis and Erodium sp.). Two plantation sites with exotic plants:
(3) Pinus, soils planted 60 years ago with Pinus halepensis showing an aver-
age cover of 95 % (mainly Ferula lancerottensis, Helianthemum canariense,
Sonchus pinnatifidus, Allium canariense, andAsteriscus intermedius as compan-
ion species); and (4)Acacia, soils planted about 60 years agowithAcacia cy-
clops presenting an average cover of 90 % (mainly Ferula lancerottensis,
Asteriscus intermedius, Asparagus horridus, and Euphorbia regis-jubae as
3

companion species). And three sites with high native vegetation coverage:
(5)Mulch, lithic-mulch soils from farmlands abandoned about 50 years ago
and recolonised by native plants (55 % of vegetation coverage) such as
Aeonium lancerottense, Asteriscus intermedius, Sonchus pinnatifidus, Fagonia
cretica, Helianthemum canariense, Euphorbia regis-jubae, and Ferula
lancerottensis; (6) RemVeg, isolated cores of soils with remnant native vege-
tation (90 % average coverage), that have been protected from water ero-
sion due to the presence of nurse plant species not palatable to herbivores
and with very deep root systems such as Lycium intricatum (mainly Sonchus
pinnatifidus, Aeonium lancerottense, Euphorbia regis-jubae, Asparagus horridus,
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Asteriscus intermedius, Bupleurum handiense and Kleinia neriifolia as compan-
ion species); and (7) HerbiExc, soils located on the cliff ledge, and thus nat-
urally avoiding anthropogenic and herbivore disturbance, presenting a rich
native flora (around 26 species; 75 % of vegetation cover) that in many
cases have disappeared from other parts of the island (Fig. 1b). A full
plant inventory is included in Table S1 of the Supplementary Material. All
the vascular plant species in the different sites were listed and total vegeta-
tion cover (percentage) was visually quantified as described in Arévalo
et al. (2016). The authority of plant species follows those of BIOTA (2022).

2.3. Soil sampling

Within each of the seven chosen sites, ten plots 2.5× 2.5m in size were
established. The average distance between plots taking all sites was
322.3 ± 210.3 m, and the average distance between plots within each
site was: Badland, 203.6 ± 121.5 m; Plain, 121.8 ± 75.7 m; Pinus,
15.3 ± 7.4 m; Acacia, 180.4 ± 145.6 m; Mulch, 40.9 ± 19.9 m; RemVeg,
181.9 ± 125.8 m; and HerbiExc, 446.1 ± 266.0 m. Soil samples were col-
lected in December 2020 after the first rain event of the season in order to
find an enhanced microbial activity. Each plot was divided into four quad-
rants and a topsoil sample (0–15 cm) was taken at the centre of each quad-
rant and combined to form a single composite sample per plot for
subsequent analysis (N= 70). Samples were stored at 4 °C and transported
to laboratory. Soil sampleswere homogenized, sieved (<2mm) and divided
into three subsamples: onewas stored at room temperature for physical and
chemical analysis, another one was stored at 4 °C for biochemical analysis,
and the third subsample was stored at−20 °C for DNA extraction. Analysis
was performed in the next four weeks following the sampling date. Addi-
tionally, one soil sample per plot was collected from the topsoil (5–10 cm
depth) using stainless-steel core samplers (5 cm in diameter and 5 cm
height) to determine bulk density.

2.4. Physical, chemical and biochemical soil characterization

Soil sampleswere air-dried and the following parameterswere assessed:
particle size (i.e., sand, silt and clay) using a hydrometer; pH and electrical
conductivity (EC) in saturated paste extracts; soluble cations (Ca2+, Mg2+,
Na+, and K+) in saturated paste extract by ion chromatography; sodium
adsorption ratio (SAR) from Ca2+, Mg2+ and Na+ concentrations in the
saturated paste extract; exchangeable sodium percentage (ESPc) was indi-
rectly calculated from SAR values (U.S. Salinity Laboratory Staff, 1969);
calcium carbonate equivalent (CaCO3) using gravimetric determination
by reaction with hydrochloric acid; soil organic carbon (SOC) by chromic
acid wet oxidation method; soil labile organic carbon (SLOC) by potassium
permanganate oxidation (Weil et al., 2003); total nitrogen content (N) by
dried combustion and measurement in the resulting gases with a
thermoconductivity cell from LECO CN828 equipment; available phospho-
rus (P) by the Olsen method; and bulk density (BD) was determined from
weighing soil cores after drying at 105 °C during 24 h. All physical and
chemical analyses were performed following Standard Methods (Soil
Survey Staff, 1996).

Regarding the biochemical parameters, microbial biomass carbon
(MBC) was determined by the fumigation-extraction method from Vance
et al. (1987); soil basal respiration (BR)was estimated based on themethod
of Öhlinger (1993) by direct measurement of CO2 trapped in an alkali solu-
tion incubated at 28 °C for three days together with 50 g of sieved soil at
60 % humidity of its field capacity; β-glucosidase activity (bGlu) was ob-
tained by the method of Strobl and Traunmüller (1993); Urease activity
(Ure) was carried out as described by Kandeler and Gerber (1988); and al-
kaline phosphatase (Phosp) using the method proposed by Tabatabai and
Bremner (1969).

2.5. DNA extraction and bacterial and fungal sequencing

Soil bacterial and fungal communities were analyzed using 16S rRNA
and ITS2 region deep sequencing. DNA was extracted from each sample
4

using the Power Soil DNA Isolation kit (MoBio, Laboratories Inc., CA) and
stored at−80 °C until sequencing. Extracted DNAwas checked, quantified,
and sent for sequencing with the Illumina MiSeq platform. A prokaryotic li-
brary was constructed by amplifying the hyper-variable regions V3-V4 of
the 16S rRNA gene, and another eukaryotic library was constructed by am-
plifying the ITS2 region. Raw sequences were processed following the
workflow created by Wentzien (2021). Taxonomy was assigned with the
Ribosomal Data Base Project (RDP-II). Sequences <0.005 % of total counts
were removed. The prokaryotic dataset had 2,273,263 reads classified as
Bacteria and clustered in 3480 ASVs, and the eukaryotic dataset had
4,679,804 reads classified as fungi and clustered in 1490 ASVs. All commu-
nity ASV tables were rarefied to the minimum library size prior to analysis
(10,309 for bacteria and 13,991 for fungi). For complete information on the
extraction and sequencing of DNA and the processing of genetic data, see
extension of the section in Supplementary Material.

2.6. Statistical analysis

Statistical methodswere performed using R version 4.1.2 (R Core Team,
n.d.). Significant differences in soil properties, biodiversity index (Shannon
index) and phyla relative abundances between study sites were assessed by
one-way ANOVA followed by the post-hoc Tukey HSD. The non-parametric
Kruskal-Wallis test with Nemenyi post-hoc was applied when parameters
did not conform to a normal distribution (Shapiro-Wilk normality test)
and homogeneity of variance (Bartlett test). Differences between sites in
the structure of microbial communities were determined by permutational
multivariate analysis of variance (PERMANOVA). To assess compositional
differences between communities Canberra dissimilarity index (values
closer to 1.00 indicates greater dissimilarity; Legendre and Legendre,
2012) were calculated using the R vegan 2.5-7 package (Oksanen et al.,
2020).

2.7. Data visualization

Non-metric multi-dimensional scaling (NMDS) analysis of bacterial and
fungal community's composition among seven study sites and its correla-
tion with soil parameters and microbial functions were performed based
on Canberra distance using the metaMDS and “envfit” functions from the
R vegan 2.5-7 package (Oksanen et al., 2020). Hierarchically clustered
heatmaps were developed based on the standard Euclidean distance with
the Microbiome Analyst web server (Dhariwal et al., 2017; Chong et al.,
2020) in order to display bacterial and fungal families that exhibited rele-
vant changes in abundance among sites. Due to the large number of families
of microorganisms detected in the studied soils (a total of 168 bacteria and
159 fungi), about fifty from each kingdom were selected to simplify the re-
sults. This selectionwas made according to their dominancewhich is deter-
mined by low count filtering (based on the prevalence of a number of reads
in a percentage of the plots) and low variance filtering (using inter-quantile
range -IQR- groups with lowest variance were excluded).

3. Results

3.1. Soil properties

The results for physical, chemical and biochemical properties of the top
15 cm depth layer in soils planted with exotic species and adjacent soils
with low and high native vegetation coverage are shown in Table 1. All
soils were rich in fine particles (clay to clay loam textures) with clay con-
tents ranging from 33 % in Mulch to 62 % in Badland. BD average values
were around 1.0–1.1 g cm−3 for most sites with the exception of Badland
where it reached 1.7 g cm−3 in some samples and soils of HerbiExc where
BD averaged 0.8 g cm−3. Soil reaction ranged from slightly to moderately
alkaline (average pH 7.7–8.2), with soils of Acacia showing the lowest
value. Calcium carbonate was present in all sites varying in content from
18.8 g kg−1 in Mulch to 258 g kg−1 in Badland. According to EC average
values, Plain and Mulch soils can be considered non-saline (<2 dS m−1),



Table 1
Soil physical, chemical and biochemical properties from the seven sites (n=10). Data aremean± standard deviation; different letters indicate significant differences among
sites (p < 0.05).

Soil properties/sites Low native species cover Exotic species High native species cover

Badland Plain Pinus Acacia Mulch RemVeg HerbiExc

Texture Clay Clay Clay Clay Clay-loam Clay Clay-loam
Sand (g kg−1) 129.6 ± 22.6 a 122.1 ± 19.2 a 228.7 ± 32.4 b 172.9 ± 29.2 ab 398.2 ± 54.9 c 228.0 ± 31.6 b 401.1 ± 124.8 c
Silt (g kg−1) 256.0 ± 20.3 a 318.3 ± 18.0 b 256.8 ± 11.0 a 321.0 ± 23.5 b 268.8 ± 22.8 a 272.6 ± 30.0 a 248.6 ± 44.3 a
Clay (g kg−1) 614.4 ± 41.0 c 559.6 ± 21.4 bc 514.5 ± 30.8 b 506.1 ± 35.6 b 333.0 ± 38.5 a 499.4 ± 44.4 b 350.2 ± 93.1 a
BD (g cm−3) 1.4 ± 0.2 c 1.1 ± 0.1 b 1.0 ± 0.1 b 1.0 ± 0.1 ab 1.1 ± 0.1 b 1.0 ± 0.2 ab 0.8 ± 0.1 a
CaCO3 (g kg−1) 257.8 ± 124.1 d 24.8 ± 19.1 ab 188.3 ± 39.6 cd 58.9 ± 60.9 ab 18.8 ± 7.7 a 179.9 ± 95.2 cd 117.9 ± 69.4 bc
pH 8.1 ± 0.3 cd 8.2 ± 0.3 d 7.9 ± 0.1 abc 7.7 ± 0.1 a 7.9 ± 0.1 ab 7.8 ± 0.1 a 8.1 ± 0.2 bd
EC (dS m−1) 5.9 ± 2.2 b 1.1 ± 0.2 a 2.2 ± 0.6 a 5.0 ± 1.3 b 1.7 ± 0.3 a 5.4 ± 1.5 b 4.7 ± 1.7 b
SOC (g kg−1) 3.2 ± 0.7 a 6.0 ± 2.4 ab 18.3 ± 2.8 bc 29.0 ± 8.3 cd 31.9 ± 10.6 d 38.2 ± 13.0 d 40.4 ± 16.4 d
SLOC (mg kg−1) 14.9 ± 26.3 a 151.2 ± 97.2 a 554.5 ± 100.6 b 638.0 ± 177.1 b 585.5 ± 69.0 b 786.5 ± 259.3 bc 1032.7 ± 452.6 c
ESPc (%) 23.6 ± 5.0 b 13.6 ± 2.0 a 12.3 ± 0.3 a 10.8 ± 0.6 a 12.1 ± 1.3 a 12.3 ± 1.3 a 13.0 ± 3.9 a
N (g kg−1) 0.4 ± 0.1 a 1.1 ± 0.1 a 1.1 ± 0.2 a 2.0 ± 0.4 b 2.5 ± 0.5 bc 2.7 ± 1.0 bc 3.3 ± 1.1 c
P (mg kg−1) 4.0 ± 0.9 a 2.9 ± 1.0 a 5.9 ± 0.9 ab 8.3 ± 2.8 ab 15.3 ± 4.6 b 12.6 ± 4.3 ab 30.5 ± 18.2 c
MBC (mg kg−1) 356.1 ± 103.4 a 679.8 ± 218.5 a 1425.9 ± 197.6 b 1374.8 ± 620.1 b 1561.1 ± 421.9 b 1609.8 ± 448.5 b 2408.5 ± 789.0 c
BR (mgC-CO2 kg−1 d−1) 16.6 ± 2.7 a 17.7 ± 2.1 a 25.5 ± 1.7 ab 25.8 ± 1.8 ab 31.0 ± 6.8 bc 37.6 ± 7.1 c 52.0 ± 18.4 d
bGlu (nmolsaligenin g−1 h−1) 0.1 ± 0.0 a 0.1 ± 0.1 ab 0.3 ± 0.0 bc 0.3 ± 0.1 cd 0.4 ± 0.1 cd 0.5 ± 0.1 d 0.7 ± 0.3 e
Ure (nmolammonia g−1 h−1) 0.1 ± 0.1 a 0.7 ± 0.4 ab 1.4 ± 0.2 bc 1.6 ± 0.4 cd 2.4 ± 0.5 e 2.2 ± 0.5 de 3.9 ± 1.2 f
Phosp (nmolp nitrophenol g−1 h−1) 0.3 ± 0.1 a 1.9 ± 1.0 ab 3.1 ± 0.6 bc 5.5 ± 1.5 de 4.2 ± 1.2 cd 7.1 ± 2.2 e 7.1 ± 1.3 e

“BD” bulk density; “CaCO3” calcium carbonate equivalent; “EC” electrical conductivity; “SOC” soil organic carbon; “SLOC” soil labile organic carbon; “ESPc” exchangeable
sodium percentage; “N” total nitrogen content; “P” available phosphorus content; “MBC”microbial biomass carbon; “BR” basal respiration; “bGlu” beta-glucosidase activity;
“Ure” urease activity; “Phosp” phospho-monoesterase (alkaline phosphatase) activity. Low native species cover: “Badland” badlands soils; “Plain” sheet erosion affected soil
with seasonal vegetation. Exotic species: “Pinus” Pinus halepensis reforested soils; “Acacia” Acacia cyclops reforested soils. High native species cover: “Mulch” lithic-mulch soil
recolonised by native vegetation; “RemVeg” soils with remnant vegetation (native plants isolated cores); “HerbiExc” soils with herbivory exclusion supporting native vegeta-
tion. F-values and significance levels are shown in Table S3.
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Pinus soils were slightly saline (2–4 dS m−1) and Acacia, RemVeg, HerbiExc
and Badland were saline soils (4–8 dS m−1). Highest salinity level was
found inBadland site reachingmaximumvalues of 9.3 dSm−1 in some sam-
ples. Soil solution was dominated by Na+ and Cl− (data not shown) sug-
gesting that the origin of the salts is the incidence of marine spray.
Exchangeable sodium percentage was significantly higher in most de-
graded soils (Badland) and decreased by a factor of 2 in the rest of sites
(23 vs.12 %). As expected, due to limited carbon sources, SOC and SLOC
content were very low in soils devoid of permanent vegetation
(i.e., Badland and Plain). Higher carbon contents were found in the rest of
sites showing a gradual increase in the average values from exotic vegeta-
tion to native vegetation (e.g., average of 23.6 g kg−1 SOC in exotic vegeta-
tion cover vs. 36.9 g kg−1 in high native vegetation cover). Lowest
concentration of nutrients N and P were found in Badland, Plain and Pinus
(averages ranging from 0.4 to 1.1 g N kg−1, and 4.0 to 5.9 mg P kg−1).
For the rest of sites, the mean levels of N and P increased reaching the
highest values in HerbiExc (~3.3 g N kg−1 and 30 mg P kg−1) which
were significantly different from Badland, Plain, Pinus and Acacia. Soil
MBC and BR rates increased from low native species cover followed by ex-
otic species and high native species cover. Specifically, the MBC increased
by a factor of 2.7 and 3.6 in exotic vegetation cover and dense native vege-
tation cover respectively, with regard to low native vegetation cover. In the
case of BR, the increase factors were 1.5 and 2.3. Enzymes activities exhib-
ited the same trend as MBC and BR (Table 1).

3.2. Microbial diversity and community structure

Bacterial Shannon index differed significantly across sites (Kruskal-Wal-
lis chi-squared = 38.245, df = 6, p = 1.006e-06), although just Badland
soils, with the lowest bacterial diversity (Shannon index = 5.5 ± 0.4),
was significantly different from the rest of sites (Fig. 2a). No significant dif-
ferences (p > 0.05) were detected in bacterial α-diversity between soils
with exotic species (Pinus and Acacia) and high native species cover
(Mulch, RemVeg and HerbiExc). A similar trend was observed for fungal α-
diversity (Kruskal-Wallis chi-squared = 28.91, df = 6, p = 6.327e-05;
Fig. 2b).

Soil microbial communities' structure varied significantly across sites
for both bacteria (PERMANOVA; R2 = 0.543; p < 0.001) and fungi
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(R2 = 0.45; p < 0.001). Clustering of samples based on the type of plant
cover can be visualized through NMDS analyses (Fig. 3). Both for bacteria
and fungi, Badland and Plain soil communities were clearly discriminated
from the rest. This was mainly explained by their high contents in ex-
changeable sodium and clay, as well as their high bulk density. Soils cov-
ered with exotics (i.e., Pinus and Acacia) tended to cluster together and
separate from those covered with native species, although this trend was
clearer for fungi than for bacteria. This separation responded to the higher
levels of salts (EC), nutrients (P),microbial biomass (MBC) and activity (BR,
Phosp) in soils covered with native vegetation.

The Canberra dissimilarity index also revealed differences in microbial
communities among site types. For bacteria,mean dissimilarity valueswere
0.88 (Low native cover vs. Exotic plantations), 0.83 (Low native cover vs.
High native cover), and 0.89 (Exotic plantations vs. High native cover).
For fungi, the mean values were 0.93, 0.91, and 0.94, respectively. A com-
parison to check the effects of the bareness in soil (Low native cover vs. the
combined Exotic plantations and High native cover sites) was 0.85 for bac-
teria and 0.92 for fungi.

3.3. Microbial community composition

3.3.1. Bacteria
The taxonomic profile at the phylum level varied between soils with

different vegetation cover and density (Fig. 4 and Table S2). The
predominant bacteria phyla (up to 90 % of the total abundance) were
Actinobacteria, Proteobacteria, Acidobacteria, Bacteroidetes, Gemmatimonadetes,
candidate_division_WPS-1, Chloroflexi and Verrucomicrobia in all sites (Fig. 4).
Cyanobacteria were included in “others” but reached >1 % only in Badland
andPlain soils (23%and14%, respectively). The relative abundances anddif-
ferences for these and other phyla are reported in Table S2 in the Supplemen-
tary Material, where also the dominant groups are further explored in
Figs. S2 and S3.

Some main bacteria phyla from soils with low native species cover
showed significant differences compared to exotic species and high native
species cover (Table S2). For example, Gemmatimonadetes and Chloroflexi
were detected to be significantly more abundant in Badland (11 % and
6 %, respectively). In contrast, Acidobacteria decreased by up to a factor of
2.8 and 2.0 in Badland compared to exotic species and high native species



Fig. 2. Shannon index forα-diversity of the soil bacterial (a) and fungal (b) community from the seven study sites; n=10 for each boxplot; boxes represent themiddle 50%of
the data (interquartile range), with the line inside the box representing the median; the whiskers show the range of the data excluding outliers represented as isolated circles;
different letters indicate significant differences among study sites (p < 0.05).
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cover, respectively (Fig. 4). Significant differences in phyla between exotic
species and high native species cover were less frequent. Particularly,
Bacteroidetes were more abundant in high native vegetated soils, with sig-
nificantly higher values in RemVeg and HerbiExc soils (9 % in both cases).
The opposite behavior was observed for Verrucomicrobia, which presented
the lowest values in exotic vegetated soils (~1 % in Pinus and Acacia).
Within soils with low native species cover, Actinobacteria were richest in
the orders Acidimicrobiales, Rubrobacterales and Egibacterales. In soils with
exotic species, Gaiellales and Jiangellales were especially abundant. While
it was observed that Mycobacteriales and Geodermatophilales dominated in
soils with higher native species diversity (Fig. S2).

In the bacterial heatmap (Fig. 5), seven clusters were identified accord-
ing to the behavior of their family abundances. Families included in clusters
1 (e.g., Blastocatellaceae and Rubrobacteraceae) dominated in soils with low
and high native vegetation cover, especially in Badland and HerbiExc soils.
Families from cluster 4 (e.g., Reyranellaceae and Bradyrhizobiaceae) were
abundant in exotic species, especially in Acacia samples. High native spe-
cies cover was rich in families such as Rhizobiaceae and Sphaerobacteraceae
from cluster 7.
6

3.3.2. Fungi
Predominant fungal phyla were Ascomycota, Basidiomycota,

Mortierellomycota and Chytridiomycota. Except in Badland, in all sites
almost 85 % of the fungi belonged to the phylum Ascomycota (Fig. 6
and Table S2). In Badland soil, Ascomycota, Basidiomycota and
Mortierellomycota presented the lowest relative abundances (0.68,
0.04, and 0.01 %, respectively) with respect to soils with higher plant cover
(Fig. 6 and Table S2). Soils with exotic plantations differed from the rest in
two specific phyla, Basidiomycota, that accounted for up to 30 % of the
fungi in some Pinus soil samples (Fig. 6), andMortierellomycota that reached
an average of 10 % of the total fungi in Acacia soils (Table S2).
Wallemiomycetes and Ustilaginomycetes were particularly abundant in soils
with low native species cover. Pezizomycetes showed a preference for soils
with higher plant cover, especially in those with exotic species, while
Lecanoromycetes were striking at both extremes of conservation
(i.e., Badland and HerbiExc) (Fig. S3).

Fungal heatmap highlighted seven family clusters (Fig. 7). Cluster 1 and
5 dominated in high native species cover (e.g., Rhizophlyctidaceae). Cluster
7 (e.g.,Walleamiaceae) was associated with low native plant cover. Cluster



Fig. 3.Non-metric multidimensional scaling (NMDS) analysis based on Canberra distance of bacterial (a) and fungal (b) community from the seven sites. Soil variables were
fit to the two-dimensional representation of the microbial communities; soil physical, chemical and biochemical properties are represented by arrows. “BD” bulk density;
“EC” electrical conductivity; “P” available phosphorus content; “ESPc” exchangeable sodium percentage; “MBC” microbial biomass carbon; “Phosp” phospho-
monoesterase (alkaline phosphatase) activity. The NMDS1 axis was shortened for better visualization.

A. Perdomo-González et al. Science of the Total Environment 879 (2023) 163030
3 and 6 (e.g., Chaetomiaceae and Clavicipitaceae) were especially abundant
in exotic species (Fig. 7).

4. Discussion

The main goal of this research was to determine if restoration practices
with exotic species have influenced soil microbial communities in compar-
ison to reference degraded soils and target ecosystems with remnant native
vegetation. We hypothesized that exotic plantations would not be able to
successfully restore the physical, chemical, and biological quality of the
soil in extreme environments, but the results do not fully support this initial
7

hypothesis. Results globally show that exotic plantations have led soil mi-
crobial communities to an intermediate conservation status between
those two reference situations. This suggests that reforestation succeeded
in avoiding further degradation of soils but still leading to relevant changes
in soil microbial community composition with regard to native soils that
may have negative effects on ecosystem stability.

4.1. Influence in soil properties

Several studies have shown that changes in vegetation alter soil proper-
ties, but there is strong controversy over the long-term role of exotic plants



Fig. 4. Quantitative contribution of the sequences affiliated with different soil bacterial phyla to the total number of sequences in the seven sites; n = 10 for each boxplot;
boxes represent the middle 50 % of the data (interquartile range), with the line inside the box representing the median; the whiskers show the range of the data excluding
outliers represented as isolated circles; different letters indicate significant differences among study sites (p < 0.05). Sequences not classified to any known phylum are
included as “unclassified”. Phyla with relative frequency of <1 % are included as “others”. Largest phyla in grey dashed boxes are further detailed in Fig. S2.
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Fig. 5.Hierarchically clustered (using the standard Euclidean distance) heatmap displaying bacterial families that exhibited biologically relevant changes in abundance, de-
termined by low count filter (based on the prevalence of at least 50 counts on the 30%of the plots) and low variancefilter (using inter-quantile range: 50% of the groupswith
lowest variance are excluded).The scale represents the positive or negative increase of the standard deviation with respect to the mean of the relative abundances of a given
taxon.
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Fig. 6. Comparison of the quantitative contribution of the sequences affiliated with different soil fungal phyla to the total number of sequences among seven sites; n= 10 for
each boxplot; boxes represent themiddle 50% of the data (interquartile range), with the line inside the box representing themedian; the whiskers show the range of the data
excluding outliers represented as isolated circles; different letters indicate significant differences among study sites (p < 0.05). Sequences not classified to any known phylum
are included as “unclassified”. Phyla with relative frequency of <1 % are included as “others”. Largest phylum in grey dashed boxes is further detailed in Fig. S3.
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(Custer and van Diepen, 2020; Parhizkar et al., 2021; Li et al., 2022). In this
sense, some authors report that exotic species have a negative (Chen et al.,
2013), neutral (Stefanowicz et al., 2016, 2019), or positive effect (Xu et al.,
2022) on the soil physical-chemical and biochemical properties with
regards to soils with native vegetation. Some key factors for these differ-
ences could be environmental conditions, type of plant species and soils,
and the overall soil quality state at the beginning of the restoration
(Stefanowicz et al., 2016; Parhizkar et al., 2021; Xu et al., 2022).

In our case, exotic vegetation has considerably improved the soil C pool
(including labile and microbial biomass C) and microbiological activity
with regard to non-restored soils, but still has not reached the levels of
soils with native vegetation, particularly those not affected by herbivores
(HerbiExc). These results suggest that exotic plants have slowed down or
controlled soil degradation processes, such as surface sealing that strongly
reduces water infiltration and dramatically diminishes water storage, as
well as sheet, rill or gully erosion that usually remove the fertile topsoil
layer (Gatiboni, 2018). Even in Plain soils vegetation communities flourish
10
after rain but ground cover is typically sparse before and during rainstorms
leaving the soil surface exposed to raindrop impact, soil surface sealing, and
overland flow (McCool and Williams, 2008). Eroded soils have higher bulk
density and are poorer in nutrients making plant establishment difficult,
leading to low organic matter input and biological activity (Olson et al.,
2016). In turn, the lack of vegetation also negatively influences the soil
structure and fertility, including low levels of organic debris and exudates,
which are very important for the development of microbial communities
(Cifuentes-Croquevielle et al., 2020). On the other hand, plantations have
not reached the level of soil quality observed in soil conserving native
plant cover probably due to the effects of using monospecific tree planta-
tions (Widyati et al., 2022). Higher plant diversity implies multiple plant-
specific functional traits such as exudation and root architecture, as well
as species specific organic matter inputs (Colin et al., 2019; Meng et al.,
2019; Parhizkar et al., 2021; Xu et al., 2022) that can ultimately increase
microbial diversity and activity and nutrient availability (Xu et al., 2022).
The greater rates of enzyme activities measured in soils with high native



Fig. 7.Hierarchically clustered (using the standard Euclidean distance) heatmap displaying fungal families that exhibited biologically relevant changes in abundance, deter-
mined by low count filter (based on the prevalence of at least 30 counts on the 30 % of the plots) and low variance filter (using inter-quantile range: 30% of the groups with
lowest variance are excluded). The scale represents the positive or negative increase of the standard deviation with respect to themean of the relative abundances of a taxon.
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species cover, which are consistent with larger soil respiration rates (Zhou
and Staver, 2019) agree with results reported by Wang et al. (2015), who
found that exotic pine plantations depressed soil respiration compared to
indigenous pines. Instead, they do not match with other research finding
that revegetation with some exotic plants, particularly grass species, in-
creased soil fertility and enzyme activities, mainly those involved in N
and P cycles, with regard to native plants (Zhou and Staver, 2019; Xu
et al., 2022).

Particularly relevant is the case for lithic-mulched soils (Mulch), corre-
sponding to agricultural soils abandoned about 50 years ago, that have
been recolonised by native flora. In those soils, the pyroclastic mulch has im-
proved the soil water balance with a strong increase in infiltration rates and
reduction in evaporation, as it has been demonstrated in previous research
(Díaz et al., 2004, 2013). Our results shown that these soils have a health sta-
tus close to those with remnant vegetation (i.e., RemVeg and HerbiExc), sug-
gesting the great potential that this traditional agricultural technique may
represent for accelerating the recovery of degraded semiarid and arid land.

4.2. Influence in soil microbial diversity and community structure

Our findings suggest that soil microbial diversity was more influenced
by the presence of vegetation cover, even when it is seasonal, than by
plant species identity. Similar results have been found by Byers et al.
(2020) who reported no differences in microbial α-diversity among exotic
plantations and remnant forests, arguing that crucial soils characteristics
for the establishment of microorganisms such as pH were the same in
both situations. Oppositely, Li et al. (2015) demonstrated that during the
early years of restoration, the soils associated with the native tree species
had greater microbial biomass and diversity when compared with the ex-
otic Eucalyptus trees, probably because the quantity and quality of litter in-
puts and root exudations were different among those two scenarios. In the
present study, only highly eroded soils had a significantly lower diversity
suggesting that the loss of top layer renders soils unable to support many
types of organisms present in vegetated soils due to extreme physical and
chemical conditions.

The ordering of fungal communities from soils with different vegetation
cover allows separating the soils with exotic vegetation coverage from
those with low and high native vegetation coverage (Fig. 3). For the bacte-
rial communities, the separation between the soils with exotic species and
those with a high cover of native species was less pronounced. Sample ordi-
nation was influenced by soil properties as it has been shown in other studies
(Li et al., 2015; Bai et al., 2020; Wu et al., 2020; Parhizkar et al., 2021; Zhao
et al., 2021; Xu et al., 2022). In our case a clear effect of physical degradation
was observed for low native vegetation coverage, while differences between
exotics and high native coverage responded to a concentration gradient in or-
ganic carbon pools, nutrients and biological activity. In a similar study con-
ducted by Li et al. (2015), the composition of the soil microbial community
was significantly related to the type of plant species (exotic or native), the
depth of the litter layer and the concentrations of K in soil.

4.3. Influence in soil microbial community composition

The relative abundance of several taxa experienced differences across
sites. While in most cases the increase or decrease in relative abundance
of some taxa was indicative of a change away from the more degraded
sites (Badland) towards vegetated sites independently if they are exotic or
native plants, in a few cases abundance of some taxa was greatest or lowest
in the exotic plantations. This could indicate that different components of
the community may be affected negatively or positively by extreme condi-
tions in bare soils while other are more plant type-specific (Fernández-
González et al., 2020).

The most degraded soils were predominated by phototrophic
(e.g., Chloroflexi and Cyanobacteria) and chemolithotrophic bacteria
(e.g., Acidimicrobiales), as well as groups that are extremely tolerant to des-
iccation and UV radiation (e.g., Rubrobacterales and Gemmatimonadetes) or
to salinity such as Egibacterales (Ward and Bora, 2008; Zhang et al., 2016;
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Zeng et al., 2021). The families Rubrobacteraceae and Blastocatellaceae pre-
dominated in degraded soils, as they are frequently found in water-stressed
and low nutrients and organic matter soils (Araujo et al., 2020; Cui et al.,
2022). Maestre et al. (2015) found that with increasing aridity,
Acidobacteria decreased and Chloroflexi increased, same trend that can be
observed in this study for Badland soils with regards to vegetated soils. In
soils with well-preserved native vegetation, increased eminently heterotro-
phic taxa which play a crucial role in carbon mineralization and nitrogen
fixation (e.g., Bacteroidetes, Rhizobiaceae, Sphaerobacteraceae) (Fierer
et al., 2007; Qi et al., 2020). Reyranellaceae, isolated from agricultural
soils (Lee et al., 2017), and Bradyrhizobiaceae, that include diazotrophic
members and establishes nitrogen-fixing symbioses with plants
(Crisóstomo et al., 2013), were prominent in exotic species, curiously
more in soils with Pinus than with the leguminous Acacia.

Saprotrophs were the most abundant fungi in all soils analyzed. Com-
pared to Ascomycota, Basidiomycota were scarce (79 % vs. 7 % in average),
coinciding with previous studies in other arid territories (Maestre et al.,
2015; Zeng et al., 2021). In the most degraded soils, xerotolerant and
halotolerant organisms (e.g., Wallemiomycetes) and some parasites
(e.g., Ustilaginomycetes) stood out (Bauer et al., 1997; Zalar et al., 2005;
Jančič et al., 2015). In soils with greater vegetation cover, saprotrophic
fungi of the phylum Mortierellomycota increased. Pezizomycetes, which in-
cludes some plant parasites and bryophytes (Pfister and Healy, 2021),
showed a preference for soils with exotic species. Specifically,
Chaetomiaceae and Clavicipitaceae were prominent in soils planted with
Acacia and Pinus, respectively. Chaetomiaceae has been cited as a bio-
marker in amended soils and during the composting process (Dang et al.,
2021), while Clavicipitaceae range from free-living soil saprotrophs to en-
dophytes (Singh and Mazumdar, 2022). In soils with greater native species
diversity, Rhizophlyctidaceae, which have been associated with high respi-
ration rate aggregates (Yang et al., 2019), stood out. Both in Badlands and
HerbiExc soils highlighted Lecanoromycetes, that represent the largest class
of lichenized fungi and has been described as N-fixers in limiting environ-
ments (Miadlikowska et al., 2014; Deng et al., 2020; Canini et al., 2021).

5. Conclusions

Opposite to the initial hypothesis, the assessment of soil properties, in-
cluding bacterial and fungal diversity, revealed that reforestation with
exotic plants (Acacia cyclops and Pinus halepensis) has prevented a progres-
sive degradation of the soil ecosystem in this extremely arid insular terri-
tory. However, the planting of exotic species has shaped a particular
composition of the soil microbiomewith unknown potential effects for eco-
system stability. The better conservation status observed in soils with exotic
plantation compared to highly eroded soils where no restoration activity
has been carried out, indicates that in arid areas subject to intense deserti-
fication processes, keeping the soil covered seems to be a key factor in order
to avoid a significant decline in soil quality. Therefore, the policies and pro-
jects that advise the elimination of these plantations with the aim of con-
serving native biodiversity, should take these aspects into account. In any
case, the transformation to native vegetation communities should be done
progressively, avoiding leaving bare soil areas, and focusing the restoration
not only on the aboveground elements of the system but also on those be-
lowground like soil biological communities through techniques based on
soil inoculation using isolated and amplified microorganisms from the tar-
get soil ecosystems.

Information gained in this research could be useful for environmental
agencies and decision makers for identifying potential tradeoffs associated
with replacement of exotic plantations in insular arid territories, also con-
tributing to establishing the reference ecosystems that must be targeted in
future restoration projects.
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