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Abstract

Background and aims ~ Along coastal habitats world-
wide, Carpobrotus edulis is a highly invasive and det-
rimental species, that acts as an ecosystem engineer
by modifying many soil properties for its own ben-
efit. However, the combined effects of C. edulis and
climate change on soil characteristics remain largely
unknown.
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Methods To address this knowledge gap, we set up
a factorial field experiment with five treatments and
eight replicates per treatment: natural vegetation as
an uninvaded control under current climate condi-
tions, C. edulis under current climate conditions, and
C. edulis subjected to increased temperature (+ 2 °C),
decreased rainfall (- 33%), and both factors combined
(+ 2 °C and -33% rainfall). The soil 0-5 and 5-10 cm
layers were sampled after 14 months and analysed for
21 properties.

Results  Although the effect of depth on soil charac-
teristics was greater in most cases, the treatments sig-
nificantly affected soil pHy(,, electrical conductivity,
organic 813¢, NH4+-N, NO;™-N and available Al, Ca,
Cu, Fe, Mg, Mn, P, and Zn. The discriminant analyses
clearly differentiated the invaded from the uninvaded
soils, reinforcing the view of C. edulis as an ecosys-
tem engineer and highlighting the significant role of
the species in shaping ecosystem dynamics. Besides,
the analyses indicated that decreased precipitation
had a greater impact on invaded soils than increased
temperature, and suggested a synergistic effect of
both climatic treatments.

Conclusion These findings underline the complex
interactions between invasive species and climate
change, highlighting the need for specific manage-
ment strategies to mitigate C. edulis impacts on soil
health and ecosystem integrity.
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Introduction

Soil properties are impacted by a number of global
change factors induced by human activities, affecting
the plant-soil interface (Bi et al. 2024; Fuchslueger
et al. 2024). Climate change-induced environmen-
tal changes (for example, temperature increases and
droughts) can influence nutrient cycling and availabil-
ity (Chatterjee and Saha 2018). However, the nature
of these alterations can vary depending on changes
in climatic conditions, habitat, or plant cover (Matias
et al. 2011). A drier climate can reduce microbial
activity, causing an accumulation of nutrients in the
soil, which will be more susceptible to leaching or
erosion (Matias et al. 2011). Higher temperatures
might result in a more rapid decomposition and min-
eralization, increasing nutrient availability and the
rate of N mineralization and nitrification (Elbasiouny
et al. 2022). However, a combination of higher tem-
perature with lower soil moisture can reduce micro-
bial activity and decomposition (Elbasiouny et al.
2022). In back dunes, changes in soil properties can
affect the early stages of succession, influencing spe-
cies composition and abundance and the entrance of
alien species (Trotta et al. 2024).

Another major ecological stressor, biological inva-
sions, can also impact soil chemical composition and
nutrient availability (Ehrenfeld 2010). In fact, bio-
logical invasions frequently have stronger ecologi-
cal effects than climate change (Lopez et al. 2022).
Although climate change usually reduces the impact
of invasions, in approximately 25% of cases there is
a synergistic interaction (Lopez et al. 2022). Under-
standing how climate change will affect the impact of
these invasions is necessary for guiding conservation
and management policies (Coté et al. 2016).

One of the most invasive species worldwide is
Carpobrotus edulis (L.) N.E. Br. (ice plant), a suc-
culent plant from the Aizoaceae family, native to
South Africa and introduced to temperate coastal
regions of Eurasia, America, Africa, and Oceania
(Campoy et al. 2018). Its success is attributed to its
rapid growth, characterized by the formation of a
dense mat, and the release of allelopathic compounds,
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which confers it a highly competitive ability (Maltez-
Mouro et al. 2010; Novoa et al. 2012; Traveset et al.
2008). In addition, high rates of seed dispersal (Bour-
geois et al. 2005), and significant ecophysiological
plasticity (Fenollosa and Munné-Bosch 2019) give C.
edulis a high capacity to invade habitats, functioning
as an ecosystem engineer (Conser and Connor 2009).
It modifies both plant (Santoro et al. 2012) and ani-
mal (Galan 2008) communities, affecting water and
light availability (Molinari et al. 2007), and altering
soil properties (Vieites-Blanco and Gonzalez-Prieto
2018a) and microbiota (Badalamenti et al. 2016).

The effects of C. edulis invasion on soil depend
on the substrate characteristics; its impacts are more
pronounced at the surface and are mostly determined
by the chemical properties of its necromass (Vieites-
Blanco and Gonzalez-Prieto 2018a). Soils with low
organic matter and nutrient availability seem to be the
most affected when comparing different dune soils
(Novoa et al. 2014; Santoro et al. 2011), although
comparisons between back dunes and rocky areas
suggest otherwise (Vieites-Blanco and Gonzalez-
Prieto 2018a). Carpobrotus edulis effects include
changes in soil pH, organic matter content, and
macro- and micronutrient availability (Conser and
Connor 2009; Novoa et al. 2014; Vieites-Blanco and
Gonzalez-Prieto 2018a). The impacts of the invasion
have been observed in both the topsoil (0—5 cm) and
subsoil (5-10 cm), although with a higher intensity
in the topsoil (Vieites-Blanco and Gonzalez-Prieto
2018a). Its invasion also alters soil microbiota com-
position and structure, as well as microbial activity
related to nutrient cycling (Gémez-Rodriguez et al.
2024; Rodriguez-Caballero et al. 2020). Through
its influence on the physicochemical and biological
properties of soils, C. edulis affects both gross and net
fluxes of the N cycle, limiting N availability (Vieites-
Blanco and Gonzélez-Prieto 2018b). The persistence
of these effects after C. edulis removal, along with the
fact that they facilitate its invasion, can sabotage res-
toration efforts and hinder natural vegetation recolo-
nization (Conser and Connor 2009; de la Pefa et al.
2010; Molinari et al. 2007).

Less is known about how climate change will
affect C. edulis invasion. While the species ben-
efits from increased temperatures, which enhance
its photochemical efficiency and growth, it is less
responsive to reductions in precipitation (Campoy
et al. 2021). The influence of climate change on the
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invasion’s impact on soil remains to be explored.
As most alterations in soil appear to be necromass-
mediated, an increase in C. edulis growth rate
under warmer conditions could magnify its impacts
on soil, leading to significant changes in nutrient
dynamics and overall soil composition. By examin-
ing changes in soil chemical characteristics in the
topsoil (0—5 cm) and subsoil (5-10 cm) (the most
affected soil layers by necromass and plant roots,
respectively) under predicted climate scenarios,
this study aims to elucidate how expected climatic
conditions (i.e., increased temperature, reduced
precipitation, and their concurrence) will impact
the effects of C. edulis invasion on soil properties
and macro- and micronutrient availability. This

knowledge is crucial for developing strategies to
mitigate the ecological impacts of C. edulis under
shifting climate conditions.

Material and methods
Study site

The experimental field plot was located over a coastal
back dune on Salvora island (42°28'44"N, 9°0"34"W,
Galicia, NW Spain), a small uninhabited island which
is part of the Galician Atlantic Islands National Park
(Fig. 1). The island was invaded by C. edulis for
about 80 years, covering an invaded area of around
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Fig. 1 Map of Salvora island and its location in NW Spain (blue square), with the study site represented with a red rectangle (A),

and close-up (B) and treatments (C) of the study site

@ Springer



Plant Soil

30,000 m?2, before being mechanically removed in
2017. The field plot was established in an area with
no signs of previous invasion (Ministerio para la
Transicion Ecolégica y el Reto Demografico 2025).
The climate in the area is warm temperate with dry
and warm summers or ‘Csb’ type of Koppen-Geiger,
with 1193 mm of mean annual rainfall and mean
temperature ranging from 10 °C in January to 20 °C
in August (AEMET-IMP 2011). The soil type is an
Eutric Arenosol (IUSS Working Group 2014).

Forty subplots (1.55 m X 1.75 m) were established
from September 2015 to November 2016 for a fac-
torial experiment considering two depths (0-5 and
5-10 cm layers) with five treatments (Box 1) and
eight replicates per treatment: natural vegetation
under current climate conditions as uninvaded con-
trol (NV) (see Table S1 for vegetation characteriza-
tion), C. edulis under current climate conditions
(CC), and C. edulis under climate conditions modi-
fied according to the predictions for the study area
(EEA 2017), i.e., 2 °C increased temperature (CT),
33% decreased rainfall (CP) and 2 °C increased tem-
perature and 33% decreased rainfall (CTP); for more
details see Campoy et al. (2021).

Box 1 Abbreviations of the treatments used in the manuscript

Abbreviation Meaning

NV natural vegetation under cur-
rent climate conditions

CC C. edulis under current climate
conditions

CT C. edulis under 2 °C increased
temperature

CP C. edulis under 33% decreased
rainfall

CTP C. edulis under 2 °C increased

temperature and 33%
decreased rainfall

Soil sampling and analyses

At the end of November 2016, just after the manual
removal of both natural vegetation and the C. edulis
plants that had grown in the plot for 14 months, soil
samples were collected separately from the 0-5 cm
(hereafter referred to as topsoil) and 5-10 cm (from
now on referred to as subsoil) layers in each subplot
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(n =40). Four soil subsamples were taken with a
stainless-steel probe (4 cm @) and mixed in the field
into a composite sample per plot and depth. In the
laboratory, the soils were sieved (< 2 mm), homog-
enized, and then divided into fresh subsamples (kept
at 4 °C) for inorganic N measurements and air-dried
subsamples for the other analyses.

A pH-meter and a conductometer (both from
Metrohm, Switzerland) were used for measuring soil
pH in H,O and 0.1 M KCI (1:2.5 soil:solution ratio),
and soil electrical conductivity (1:5 soil:water ratio),
respectively. Soil humidity was determined by drying
soil samples at 105 °C for 5 h.

Total C and total N of soils, as well as their °C
and 1N isotopic signatures, were measured in finely
ground sub-samples (< 100 pm) with a CE 1108 ele-
mental analyser (Carlo Erba, Italy) coupled on-line to
a Delta C isotopic ratio mass spectrometer (Finnigan
Mat, Germany). We also measured organic C and
organic & '*C after CaCO; removal with 20% HCI,
using the’capsule method’of Brodie et al. (2011). An
elemental reference material (Soil 3 from Eurovector,
Italy) and two isotopic standards [IAEA-CH- 6 and
IAEA-CH- 7 (for & '3C) or IAEA-N1 and IAEA-N2
(for & ISN), alternately, from the International Atomic
Energy Agency, Vienna, Austria] were included in
each set of 10 samples to check the accuracy of the
results; if necessary, drift correction was applied
against internal standards during the run.

After extraction with 2 M KCI (1:5 soil:solution
ratio) and filtration (glass microfiber filters What-
man GF/A, @ 125 mm), the inorganic N species were
sequentially liberated with two consecutive micro-
diffusions in hermetic glass jars by adding MgO
(NH,*-N) and MgO +Devarda’s alloy (NO;™-N).
Both N forms were trapped as NH; into 10 mL of
0.004 M H,SO, in a Teflon bottle suspended in the
glass jars and measured by back titration of the H,SO,
excess with 0.004 M NaOH. Three blanks and three
NH,NO; standards were included in each batch to
subtract N from reagents and to check for N recovery.

The multi-elemental extraction method of Garcia-
Marco et al. (2020)-with a mixture of 1 M NH,Ac
and 0.005 M DTPA (soil:solution ratio of 1:5)- was
employed to extract the soil available Al, Ca, Co, Cu,
Fe, K, Mg, Mn, Na, Ni, P and Zn, which were meas-
ured with a simultaneous ICP-OES (Varian Vista Pro,
Australia). A calibration curve prepared with certified
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standards of all elements was measured beforehand and
one of the calibration solutions was routinely included
in each set of 30 samples as a quality control and, when
necessary, the calibration curve was measured again.

Samples were analysed in duplicate, and the mean
was used for the statistical analysis.

Statistical analysis

An exploratory data analysis was carried out to detect
outliers and anomalies that could affect the results, as
well as to check the fulfillment of the assumptions of
normality (Shapiro—-Wilk’s W test) and homogene-
ity of variances among groups (Levene’s test); when
these assumptions were not fulfilled (electrical con-
ductivity, NH4+-N, total N, Na, K, P, Cu, Mg, Mn and
Zn), the original data were transformed by Tukey’s
ladder of powers. Data were examined by two-way
ANOVA with treatment (CC, CT, CP, and CTP) and
depth (0-5 and 5-10 cm) as factors, and significant
differences between the group means at p< 0.05
were stablished with the Bonferroni’s test. A one-way
ANOVA was used to check the effect of the inva-
sion (NV vs CC) at each soil depth. The partial eta-
squared (n?) statistic was used to determine the pro-
portion of the variation accounted for by each factor
or interaction in both ANOVAs.

After checking the multivariate normal distribution
with the Mardia’s test and the equality of the group
covariance matrices with the Box’s M test, canonical
discriminant analyses were done separately for each
soil depth (0-5 and 5-10 cm) with the seven variables
that showed the highest differences between treat-
ments in the ANOVAs: Al, Mn,8'3C, NH,*-N, Zn,
electrical conductivity and Mg, with Fe being used
instead of Mg in the 5-10 cm layer.

The statistical analyses were performed with IBM
SPSS 29.0 and the MVN package in the R environ-
ment (R Core Team 2022).

Results

The main characteristics of the studied soils are
shown in Supplementary material, Table S2. Both
treatment and soil depth and their interaction had
a significant influence on soil pHgc,, but the effect
of soil depth (p <0.001; 70.5% of the variance
explained) was much stronger than that of treatment

(p <0.01; 19.2% of the variance explained) and the
depth x treatment interaction (p <0.001; 27.4% of
the variance explained) (Supplementary material,
Table S3). While no differences among treatments
were found in the topsoil, a moderate (0.1-0.2 pH
units) but significant acidification was observed in
the subsoil for the CC treatment compared to CP and
CTP, the CT treatment having intermediate pH val-
ues (Fig. 2). Analysing all treatment and depth cat-
egories together, the two-way ANOVA showed lower
mean pHgc in CC than CTP, as well as in topsoil
than subsoil. Similar trends were found for pHy,e,
though these differences were not statistically signifi-
cant (Supplementary material, Table S3). Despite the
significant effects of treatment (p <0.005) and soil
depth (p <0.05) on electrical conductivity, these fac-
tors explained only a small proportion of its variance
(21.4% and 7.4%, respectively). The lowest values
were recorded in CC (0-5 cm), but the differences
with the other treatments were scarcely significant
(Fig. 2). The two-way ANOVA showed lower mean
electrical conductivity in CC than in CTP, and in the
subsoil than in the topsoil (Fig. 2, Table S3). No treat-
ment or treatment x depth effects were found for the
organic C. In contrast, soil depth had a significant
effect (p <0.001) explaining 48.4% of the variance,
as organic C levels were higher in the topsoil than
in the subsoil (Fig. 2; Table S3). Regarding the §'*C
isotopic signature, soil depth was a more important
factor than treatment (60.3% vs. 14.9% of variance
explained; p< 0.001 and p < 0.05, respectively). The
subsoil was less 13C depleted than the topsoil, and the
CC was less depleted than CT (Fig. 2; Table S3).

The two-way ANOVA showed a similar trend for
NH,*-N and NO;™ -N in the topsoil, with the highest
values found in CTP, the lowest in CC, and interme-
diate values in CT and CP (Fig. 2; Table S3). Con-
versely, no differences were observed in the subsoil
for the NO;™ -N (Fig. 2; Table S3). Jointly consid-
ering all cases, treatment explained 29.4% of the
NH,*-N variance (p <0.001), while depth explained
44.0% of the variance (p <0.001), with lower mean
levels in the subsoil than in the topsoil. Concerning
the NO,~ -N content, treatment explained 13.5% of
the variance, soil depth explained 11.1% of the vari-
ance and their interaction explained 13.8% of the
variance (p <0.05 in all cases), with slightly lower
mean NO; -N levels in the topsoil than in the sub-
soil (Table S3). Like for organic C, soil depth also

@ Springer
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Fig. 2 Effect of treatments on the electrical conductivity, pH
in KCI, organic C content, 83, organic N,N, C/N ratio,
NH,*-N and NO;~ -N (corresponding to graphs A to L, in this
order) in the 0-5 cm and 5-10 cm soil layers. Bars represent
means + SE. Different letters indicate significant post hoc dif-
ferences at p< 0.05 among soil depths for a same treatment
(capital letters) and among treatments for a given depth (low-
ercase letters). Asterisks indicate significant differences at p <

explained around half of the organic N variance
(59.1%; p< 0.001), with higher contents in the top-
soil than in the subsoil. None of the factors, nor their
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0.05 between native vegetation with no climate manipulation
(NV) and C. edulis invaded with no climate manipulation
(CC) plots for a given depth, while n.s. means no significant
difference. Treatments: CC, C. edulis invaded with no climate
manipulation; CT, C. edulis invaded with increased tempera-
ture; CP, C. edulis invaded with reduced precipitation; CTP,
C. edulis invaded with both increased temperature and reduced
precipitation

interaction (treatment x depth) had significant effect
on the 8'°N isotopic signature (Fig. 2; Table S3). A
small but significant effect of depth on C/N ratio was
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found (8.5% of the variance explained, p < 0.05), with
higher values on the topsoil. Despite the significant
effects of treatment (p <0.05) and depth (p <0.001)
on the soil available P, these factors explained only

a small fraction of the variance (15.3% and 24.9%,
respectively). The mean P levels were significantly
lower in CP than in CC treatment, as well as in the
subsoil than in the topsoil (Fig. 3; Table S3).

A) B) C)
_ 60— aA aA e
1 ns
aA g
“ T an 2 ns . S ++ 50001 Lh] o 2 = A B
aA T 507 [ aA L aA aA _1_—1— . eA
_I_‘}_ r? ] I = e - o
I aA aB . i
15 _I_ I aB e —[» 4000
= =4 aB aB =
3 ek (3 S 2T | B
- - 1 e S -
[ 2] = 2
2 2 ¥ 2™
& ] 2 g
o x ] 3
20 2000
51 ]
10 1000
T T o T T o | T o
D) E) F)
120 & 08
aA
1007 = —
ns + A aA
T abA 3 ;B —E—abA 0.6
R e L
80-1 _I_‘I‘ —F-abB
= B8 P A =
z ‘I‘ ' a B —I— —EbeB i z
3 aB = T cA -
-E 601 a 2 fé: k3 204— =
3 £ aA
= = = abA
= < (5] abA
40 bA aA aB
14 0.2 aB aA
20
0 T T o T T 00 T T
G) H) Y
&
20 ns. ns. & aA
J A ns
4 a0 R aA ga + . aA
abA abA T
1 ++ Lot o Enks o PA A 7] ‘I‘ {‘
15+ + - A aA
oy -~ - aA aA
: 1 | Bt gy
< < B -
2 2 o (8- P
- 2 41 ns i =
E"] £ abB| ~ E ns abg 2B
& ES 5
bB bB -
al
| pu = 2 bB
T T Y T T A T T
0-50m 5-10cm 0-5cm 5-10cm 0-5cm 5-10cm

Depth

Depth

Depth

Treatments: [1CC JCT JcP JCTP NV

Fig. 3 Effect of treatments on the available contents of P, K,
Ca, Mg, Al, Cu, Fe, Mn and Zn (corresponding to graphs A
to I, in this order) in the 0—5 cm and 5-10 c¢m soil layers. Bars
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hoc differences at p < 0.05 among soil depths for a same treat-
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tion (NV) and C. edulis invaded with no climate manipulation
(CC) plots for a given depth, while n.s. means no significant
difference. Treatments: CC, C. edulis invaded with no climate
manipulation; CT, C. edulis invaded with increased tempera-
ture; CP, C. edulis invaded with reduced precipitation; CTP,
C. edulis invaded with both increased temperature and reduced

(lowercase letters). Asterisks indicate significant differences at
p < 0.05 between native vegetation with no climate manipula-
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No effects of treatment on available K were found,
while depth explained almost half of its variance
(43.0%; p< 0.001), with lower values in the subsoil
than in the topsoil (Fig. 3; Table S3). No significant
effects of treatment, depth, or their interaction, were
found for the available Na content (Table S3). The
treatments had a small influence on available Ca,
accounting for 21.8% of the variance explained (p
<0.01). However, mean values were significantly
lower in the CC treatment than in CP and CTP treat-
ments (Fig. 3), and no significant effects of soil depth
or the treatment x depth interaction were observed
(Table S3). Regarding available Mg, its concentra-
tions were significantly affected by both factors, with
the effect of soil depth (47.9% of variance explained,;
p< 0.001) being twice that of treatment (27.5% of
variance explained; p < 0.001). The levels of avail-
able Mg were lower in CC and CT than in CTP, and
in the subsoil than in the topsoil (Fig. 3; Table S3).

The available Al content was significantly affected
by both treatment and depth factors (p <0.001), with
treatment explaining twice as much variance as depth
(66.0% vs. 28.3%). Al levels were slightly lower in
the topsoil than in the subsoil, with the lowest values
recorded in the treatments with decreased precipita-
tion (i.e., CP and CTP) (Fig. 3; Table S3). Both fac-
tors also significantly affected the available Cu con-
tent, though the effect of treatment (16.3% of variance
explained; p< 0.05) was smaller than that of soil
depth (29.9% of variance explained; p < 0.001). Over-
all, mean Cu levels in CT were lower than in CTP,
and in the subsoil than in the topsoil. Soil available Fe
levels were significantly affected by treatment (21.2%
of variance explained; p < 0.005), with values in CTP
being lower than those in CC (Fig. 3; Table S3). Like
Cu, the available Mn levels were influenced by both

treatment and soil depth (p <0.001), but the effect
of treatment was only half that of soil depth (36.5%
vs. 67.4% of variance explained). Mn levels were
also lower in CC, CP and CT than in CTP, and in
the subsoil than in the topsoil (Fig. 3; Table S3). For
the available Zn, the trends observed were similar to
those of Cu and Mn, with 21.7% and 64.7% of vari-
ance explained by treatment and depth, respectively
(p <0.001 in both cases), lower in CT and CC than
in CTP and in the subsoil than in the topsoil (Fig. 3;
Table S3). The concentrations of Co and Ni were at
or below the detection limits in all samples.

The C. edulis invaded plots (CC) did not show
differences with native vegetation plots (NV) in pH,
electrical conductivity, organic C, 8N or avail-
able Fe, K, Mn and Na (Table S4). In the topsoil,
the invasive C. edulis increased the C/N ratio, the
8'°C and the available Al and P, while reducing
inorganic N (both NH,™ and NO;") and Zn avail-
ability (Fig. 2 and 3, Table S4). In the subsoil, the
invasive C. edulis reduced the availability of Ca and
Mg (Figs. 3, Table S4). Carpobrotus edulis reduced
the availability of Cu in both the topsoil and subsoil
(Fig. 3, Table S4).

Table 1 shows the structure matrix with the
pooled within-groups correlations between dis-
criminating variables and canonical discriminant
functions for the topsoils and subsoils, obtained
with the canonical discriminant analyses (CDA).
Figures 4 and 5 illustrate the respective plots
of the first two discriminant functions for each
soil layer. In the topsoil, function 1 explained
63.9% of the variance, primarily distinguishing
the soils based on the opposing levels of extract-
able Al (r =— 0.665) and extractable NH,*-N and
Mg (r =0.255 to r= 0.268). Function 2, which

Table 1 Canonical
discriminant analyses for

0-5 cm layer

5-10 cm layer

the topsoil and subsoil Function 1 Function 2 Function 1 Function 2
with the seven variables
that showed the highest Electrical conductivity 0.175 - 0.207 0.392 0.494
differences between 8'3C organic 0.054 0.401 - 0.049 0.587
treatments in the ANOVAS. NH,*-N 0.255 ~ 0514 0.292 ~0.056
The structure matrix
presents the pooled within- Extractable Al - 0.665 0.297 —-0.724 0.365
groups correlations between Extractable Mg 0.268 —-0.202
discriminating variables Extractable Mn 0.186 -0.298 0.486 -0.438
and canonical discriminant Extractable Zn 0.118 ~0.365 0.310 — 0.466
functions

Extractable Fe —0.292 —-0.135
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Fig. 4 Canonical discri-
minant analysis plot of

the first two discriminant .g$

functions showing the @®cp
differences between the ®ctp

studied treatments based :2\;“ p centroid

on the physicochemical
and chemical properties of
the 0-5 cm soil layer. The
arrows indicate the three
samples wrongly grouped.
Treatments: NV, native 17
vegetation with no climate
manipulation; CC, C. edulis
invaded with no climate
manipulation; CT, C. edulis
invaded with increased
temperature; CP, C. edulis
invaded with reduced pre-
cipitation; CTP, C. edulis
invaded with increased

Function 2
(=]
]

temperature and reduced = °

precipitation

Canonical discriminant functions

HCTP

(]
—> e

explained 29.0% of the variance, discriminated the
soils primarily according to the levels of NH,"-N
(r =— 0.514), extractable Zn (r =— 0.365) and
organic 8'°C (r =0.401) (Table 1). In Fig. 5, func-
tion 1 discriminated the subplots with C. edulis
according to the climatic treatments, ranging from
CC to CTP, with CT and CP treatments in inter-
mediate positions. Function 2 clearly discriminated
the topsoils under current climate conditions based
on the type of vegetation, differentiating between
native species and the invasive C. edulis, with only
one case misclassified. Regarding the subsoils,
the importance of extractable Al as a discriminat-
ing variable was comparable to that in the topsoils,
whereas those of electrical conductivity, organic
8'3C, extractable Zn and extractable Mn increased
and that of NH,*-N decreased (Table 1). In the
subsoils, functions 1 and 2 also explained high

Function 1

proportions of the variance (71.8% and 19.6%,
respectively), but the discrimination of samples
(Fig. 5) was less clear, though still comparable to
that observed in the topsoils (Fig. 4).

Discussion

With scarce exceptions, the published studies have
reported that C. edulis invasion usually promotes soil
acidification (Badalamenti et al. 2016; Conser and
Connor 2009; Gémez-Rodriguez et al. 2024; Moli-
nari et al. 2007; Novoa et al. 2013, 2014; Rodriguez-
Caballero et al. 2020; Santoro et al. 2011; Vieites-
Blanco and Gonzalez-Prieto 2018a; Vila et al. 2006;
Winsemius et al. 2015). One possible cause of this
reduction in soil pH is the increased uptake of basic
cations by the invader, as found by Vieites-Blanco
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Fig. 5 Canonical discri-
minant analysis plot of

the first two discriminant .g\é

functions showing the ®cT

differences between the @cp
@cTP

studied treatments based

on the physicochemical
and chemical properties of
the 5-10 cm soil layer. The
arrows indicate the four
samples wrongly grouped.
Treatments: NV, native
vegetation with no climate
manipulation; CC, C. edulis
invaded with no climate
manipulation; CT, C. edulis
invaded with increased
temperature; CP, C. edulis
invaded with reduced pre-
cipitation; CTP, C. edulis
invaded with increased
temperature and reduced
precipitation

M Group centroid

Function 2
o
1

—>e

Canonical discriminant functions

Hcc

HCT

© mcTP
HcP

H NV

and Gonzéalez-Prieto (2018a). Another potential cause
is the rhizodeposition of acidifying substances by C.
edulis and/or the release of organic acids during the
decomposition of its necromass, as several authors
have reported a high production of organic acids by
C. edulis (Novoa et al. 2014; Santoro et al. 2011).
Considering the pH differences between the soil lay-
ers, and the limited accumulation of C. edulis nec-
romass due to the short duration of the experiment
(14 months), our results — although not significant at
p< 0.05—suggest that soil acidification during the
invasion began in the subsoil layer, likely due to the
increased cation uptake and/or rhizodeposition of
acidic substances by the invasive plant. Our results
under different climate scenarios indicated a signifi-
cant reduction of the acidifying effect of C. edulis
in the CP (- 33% precipitation) and CTP (+ 2 °C &
— 33% precipitation) treatments. The lower precipita-
tion in the CP and CTP subplots could have decreased

@ Springer

Function 1

leaching of basic cations (such as Ca and Mg) and
mitigated the acidification produced by C. edulis.
Unlike previous studies with longer C. edulis inva-
sion periods (Vieites-Blanco and Gonzalez-Prieto
2018a), we found significant effects of treatment and
soil depth on electrical conductivity; however, these
effects explained a small proportion of the variance
and did not exhibited a consistent relationship with
either C. edulis or climatic conditions, at least within
the range of predicted changes for the study area.
Both increases (Novoa et al. 2013, 2014; Santoro
et al. 2011; Vila et al. 2006) and decreases (Vieites-
Blanco and Gonzélez-Prieto 2018a) in soil organic
matter have been reported in areas invaded by C.
edulis. In our study, we did not observe a significant
effect of the treatment on soil organic C, which may
be attributed to the short duration of the experiment.
Agreeing with the usual progressive increase of soil
8'3C with depth (Brunn et al. 2016; Philben et al.
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2022), we found clearly less negative §'°C values in
the subsoil than in the topsoil. In a previous study
on back dunes from the same region, Vieites-Blanco
and Gonzalez-Prieto (2018a) reported no differences
in 8'°C between soils under native vegetation and
C. edulis after 6-15 years of invasion. In contrast,
despite the shorter invasion period in our study (14
months), we observed significant differences in 8'°C
in the topsoil where lower 8'3C values were recorded
in NV than in CC, both under current climatic con-
ditions, with treatments involving modified climate
(CT, CP, and CTP) showing intermediate values.
These results are likely related to the facultative cras-
sulacean acid metabolism (CAM) of C. edulis, which
has a less negative '*C isotopic signature (— 25 %o,
Herrera 2009) than most C3 plants (— 20 to — 35%o,
Dawson and Siegwolf 2007). The decrease in '*C pro-
duced by C. edulis is, nonetheless, of only around 0.5
units, as the contribution of CAM-fixed CO, to total
C fixation in C. edulis is around 3% (Herrera 2009).
However, the trend observed in CT, CP, and CTP is
contrary to the expectations, as the discrimination
against '’C usually decreases in plants under water
stress (Dawson and Siegwolf 2007). This unexpected
trend of 8'C under the modified climate conditions
could be explained by a proportionally stronger
reduction of CAM than C3 photosynthetic activity.

Along the coastal dunes of the Iberian Peninsula,
the reported effects of C. edulis on soil NH,*-N and
NO;™ -N levels are largely variable (Novoa et al.
2014; Vieites-Blanco and Gonzalez-Prieto 2018a).
The tendencies we observed in the concentrations of
both inorganic N forms (NV >CC; CC <CTP and
intermediate values in CT and CP) suggest that the
increase in gross NH,*-N immobilization and the
decrease in gross autotrophic nitrification triggered
by C. edulis invasion (Vieites-Blanco and Gonzélez-
Prieto 2018b) could be less important under the
future climate conditions predicted for the study area,
although Fernandez-Alonso et al. (2021) reported a
decline in potential nitrification along an aridity gra-
dient. The effect of increased temperature coincides
with the expected increase in NO;™ resulting from
enhanced nitrification, but does not correspond with
the expected decrease in NH," due to a greater N
uptake by plants (Chatterjee and Saha 2018).

The decrease of organic N concentration with
depth, which is usually observed in dune soils (Brunn
et al. 2016), could explain half of the organic N

variance in our case. Regarding the treatment effect, it
was too low to cause significant differences; however,
NV had higher organic N values than CC in the sub-
soil, which is consistent with the findings of Vieites-
Blanco and Gonzalez-Prieto (2018a). Contrarily to
these authors, we found a significant effect of C. edu-
lis invasion on available P in the soil, which increased
in the topsoil. However, this macronutrient did not
vary under the studied scenarios of invasion and cli-
mate change, agreeing with Garcia-Velazquez et al.
(2020), who did not find significant changes in labile
P across an aridity gradient in coastal dunes from the
Iberian Peninsula.

The lack of invasion effects on soil available K
and Na is consistent with the absence of significant
changes reported for invaded dune areas of the same
region (Vieites-Blanco and Gonzalez-Prieto 2018a).
Also like in the dune soils studied by these authors,
we found a non-significant decrease in available Ca
and Mg under C. edulis compared to native vegeta-
tion in the subsoil. The combined effect of increased
temperature and reduced precipitation increased the
Mg availability.

The non-significant increase we found in avail-
able Al in CC compared to NV in the topsoil agreed
with the results of Vieites-Blanco and Gonzélez-
Prieto (2018a). However, in the subsoil the inva-
sion slightly increased Al availability. Regarding the
C. edulis invaded subplots and irrespectively of soil
depth, it is remarkable the consistent effect of the
tested climate change scenarios on the available Al,
decreasing in the order CC >CT >CP >CTP, with
significant differences between the first and the latter
two treatments. Among soil cations, Al is the most
strongly held and, thus, it must be the least affected
by the changes in leaching intensity in treatments
with reduced precipitation. Therefore, the reduction
in available Al (an ‘acid’ cation) could be an indirect
effect of reduced precipitation through a decrease in
the leaching of ‘base’ cations (Ca, Mg, K, Na) and the
subsequent rise of soil pH.

Due to the high and variable Cu levels in the top-
soil of NV, the results on this micronutrient are dif-
ficult to interpret. However, the findings pointed to
significant differences between NV and CC (contra-
rily to Vieites-Blanco and Gonzalez-Prieto 2018a),
with a decrease with invasion and little or no effect
of the predicted climate change scenarios. Although
Vieites-Blanco and Gonzalez-Prieto (2018a) reported
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a significant decrease in available Fe in C. edulis
invaded soils, we did not find significant differences,
likely due to the short invasion time. In the C. edu-
lis invaded subplots, the trend of available Fe resem-
bles that of Al (CC >CT, CP >CTP), but the differ-
ences were significant only between CC and CTP in
the topsoil. The levels of available Mn and Zn shared
a common tendency of higher levels in NV than CC
(only significant in the topsoil for Zn) and lower lev-
els in CC and CT than CTP. However, there were few
significant differences associated with either C. edu-
lis invasion, as previously observed in dune soils by
Vieites-Blanco and Gonzalez-Prieto (2018a), or the
studied climate scenarios.

The canonical discriminant analyses clearly dif-
ferentiated the topsoil of subplots invaded by C. edu-
lis from that under natural vegetation and, to a lesser
extent, this differentiation also extended to the sub-
soil. These results supported the consideration of C.
edulis as an ecosystem engineer capable of modifying
key ecosystem properties for its own benefit (Con-
ser and Connor 2009; Molinari et al. 2007), includ-
ing the main soil characteristics (Vieites-Blanco and
Gonzalez-Prieto 2018a, 2018b) that in coastal dune
ecosystems are considered the most determinant
factors of plant community zonation (Ruocco et al.
2014). In the soils we studied, these soil properties
encompassed the amounts of extractable Al, NH4+-N,
Mg, Mn and Zn, as well as the 8'°C isotopic signa-
ture of the organic C and the electrical conductiv-
ity. Regarding the combined effects of the climatic
treatments and C. edulis invasion on soil properties,
the canonical discriminant analyses showed a sig-
nificantly greater influence of decreased precipitation
(CP) than of increased temperature (CT), with the
joint influence of both treatments (CTP) seeming to
be more synergistic than additive.

Conclusions

Soil acidification already started in the first year
of C. edulis invasion and by the subsoil, pointing to
enhanced cation uptake and/or acidic rhizodeposition
by the invader as the (early) factors behind soil acidi-
fication, which was reduced under the most severe
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climatic conditions (i.e., increased temperature and
decreased precipitation). In invaded soils, the com-
bined effect of increased temperature and reduced
precipitation led to a decrease in plant uptake and/or
base cation leaching by rain, resulting in a reduction
in the availability of Al and an increase in soil pH.
The lowest and highest 8!°C values were observed
in soils under natural vegetation and C. edulis, both
under current climatic conditions, while invaded soils
with modified climates exhibited intermediate values.
Data on soil NH,*-N and NO;~ -N suggest that the
increased NH,*-N immobilization and the decreased
autotrophic nitrification triggered by C. edulis inva-
sion may be less significant under the future climate
conditions predicted for the study area. The canonical
discriminant analyses clearly differentiated the soils
under C. edulis from those under natural vegetation,
supporting the consideration of C. edulis as an ecosys-
tem engineer capable of modifying key soil properties
for its benefit. Additionally, the analyses demonstrated
a more pronounced influence of decreased precipita-
tion compared to increased temperature, along with a
synergistic effect of both treatments. These findings
underscore the complex interactions between invasive
species and climate change, highlighting the need for
additional field studies to enhance our understanding
of these dynamics and their impacts on ecosystems.
In addition, it is essential to develop targeted man-
agement strategies to mitigate the effects of C. edulis
invasion on soil health and ecosystem integrity.
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