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Understanding soil biogeochemical responses to increased nitrogen (N) deposi-
tion is essential for assessing and mitigating the impacts of global environmental
change on terrestrial ecosystems. However, the effects of N addition on key soil
elements—those critical for ecosystem productivity and pollution dynamics—
remain insufficiently understood, particularly in vulnerable Mediterranean eco-
systems characterized by phosphorus (P) and/or water limitations. Therefore, we
examined the effects of simulated N deposition on extractable total P (ETP) and
its organic and inorganic fractions, alongside the extractable concentrations of 12
mineral elements in a P-limited Mediterranean shrubland. Over the study period,
N addition notably increased ETP and its fractions, while decreasing iron (Fe)
concentrations. The increase in extractable P is likely attributable to enhanced
activity of P-mobilizing enzymes, coupled with a decline in plant photosynthetic
activity and nutrient uptake capacity during colder seasons. The reduction in
extractable Fe may be linked to lower activity of carbon (C)- and N-mobilizing
enzymes under N addition. Our findings suggest that N accumulation initially
triggers ecosystem mobilization of less available nutrients, potentially alleviating
existing P limitations. However, the observed shifts in enzyme activity—from N
or C to P mobilization—indicate that the ecosystem’s capacity to mobilize P may
become saturated under prolonged N deposition, ultimately intensifying P limita-
tion and favoring P-efficient and acid-tolerant species over time.
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1 Introduction

Nitrogen (N) deposition is an important component of global
environmental change (GEC; Bobbink et al., 2010; Zhang et al,,
2018). N deposition has increased substantially in the past century
due to intensified human activities, such as fossil fuel and biomass
combustion and application of N-fertilizers (Waldrop et al., 2004;
Zuccarini et al., 2023). This rise is particularly notable in global
industrial hubs like Europe, United States, India, and China, which
are major global sources of reactive N (Mu et al., 2019; Wang et al.,
2013). Although emission controls and economic shifts have actually
driven a steady decline in N oxide (NOx) derived N deposition in
recent years (Theobald et al., 2019; Zuccarini et al., 2021), the deposi-
tion rates of reduced N forms (NH,*/NH3;) primarily linked to inten-
sified agricultural and livestock practices have risen concurrently and
contributing to persistent N enrichment (Engardt et al., 2017; Li et
al,, 2016). Although levels of N deposition are higher in industrial
and urban zones due to localized emissions, remote natural ecosys-
tems are also at risk via long-range atmospheric transport of reactive
N (Wolfe et al., 2006). N deposition alters terrestrial N cycling and
transport pathways, thereby impacting ecosystem productivity
(Gebauer and Ehleringer, 2000; Turpin-Jelfs et al., 2019) and species
composition (Bobbink et al., 2010; Cabal et al., 2017), which varies
with N demand and retention capacity modulated by factors like local
climate, vegetation and soil properties (de Gonzalez Andrés, 2019; Lo
Cascio et al., 2021). However, excessive N deposition can produce a
series of negative effects, including soil acidification, N eutrophica-
tion and nutrient limitation (Caetano-Sanchez et al., 2024; Lo Cascio
etal, 2021; Vitousek et al., 2010), thus decreasing plant and microbial
biomass and productivity (Fowler et al., 2013; Jia et al., 2020; Ochoa-
Hueso et al., 2014).

Terrestrial ecosystems in the Mediterranean Basin are highly vul-
nerable to N deposition due to the projected sharp increase (up to
24 kg N ha™" yr.™! by 2050; Phoenix et al., 2006; Ochoa-Hueso et al.,
2011) and generalized phosphorus (P) limitation (Sardans et al,,
2004; Zuccarini et al., 2021). N deposition is likely to stimulate the
production of P-mobilizing extracellular enzymes in Mediterranean
soils (Zuccarini et al., 2021, 2023), which enhances P acquisition
from organic pools (Vitousek et al., 2010). This effect could coincide
with either a decline in N-mobilizing enzyme production (de Vries
et al., 2009; Zuccarini et al., 2021) or an increase in soil microbial
biomass (Zuccarini et al., 2023). These biogeochemical responses are
expected to affect P dynamics and extractable nutrient pools, as soil
enzyme activities—highly sensitive to external N inputs—play a key
role in regulating soil nutrient concentrations (Aragon et al., 2014;
Hu et al., 2013; Tie et al., 2020). Moreover, N-induced changes in
biological soil processes, such as root growth and microbial activity
that can be indicated by soil carbon dioxide (CO,) eftflux, and aboveg-
round processes, such as foliar photosynthetic activity that drives
availability of photosynthate to roots and associated rhizosphere
microbes, may also affect soil element composition and concentra-
tions (Mu et al., 2023, 2024; Muyzer and Stams, 2008).
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However, little attention has been paid to the effects of N deposi-
tion on extractable concentrations, which serve as important indica-
tors of soil element mobility and bioavailability within the surface soil
layer (Beygi and Jalali, 2019; Mu et al., 2023; Rees et al., 2014).
Variable (increase, decrease, and no) effects of N deposition on soil
P concentrations have been reported in mesic ecosystems (Huang et
al., 2016; Marklein and Houlton, 2012; Tie et al., 2020), while further
studies are needed in P- and water-limited Mediterranean ecosys-
tems. Nevertheless, there is a notable lack of research on other soil
elements, particularly essential nutrients (e.g., potassium, calcium)
and trace elements (e.g., arsenic, lead) despite their critical roles in
ecosystem productivity (Deng et al., 2021; Johnson and Turner, 2019)
and pollution dynamics (Mu et al., 2023; Szynkowska et al., 2018).
Given the knowledge gap regarding soil elements in Mediterranean
ecosystems, understanding the responses of soil element composition
and concentrations to N deposition will enhance our ability to predict
soil element dynamics thus facilitating effective ecosystem manage-
ment under future environmental conditions.

To investigate the effects of N deposition on ecosystem func-
tioning, a simulation experiment was conducted in a Mediterranean
shrubland located in the Garraf Mountains of Catalonia, northeast
Spain (Zuccarini et al., 2021). The experiment involved applying a
total of 60 kg N ha™' over a one-year period (2015-2016). Given
that the response of soil elements to N deposition may depend on
interactions with water availability and temperature—factors that
vary seasonally in Mediterranean ecosystems and influence their
response to other GEC factors such as climate warming and
drought (Mu et al., 2023, 2024)—we implemented seasonal fertil-
ization and sampling from spring 2015 to winter 2016. This design
aimed to simulate future N deposition scenarios relevant to the
Mediterranean Basin or fall within the N deposition loads reported
in other Mediterranean regions (Fenn et al., 2003; Ochoa-Hueso et
al., 2011; Phoenix et al., 2006), and to capture the temporal vari-
ability of N effects (Caetano-Sanchez et al., 2024; Zuccarini et al.,
2021). The key objectives of this study were to assess the impact of
simulated N deposition on soil element composition and concen-
trations, particularly P, under xeric climate conditions across dif-
ferent seasons, and to explore the relationships between soil
element concentrations, microclimate, and biological activity of soil
microbial communities and plants. Few studies have specifically
examined how N deposition influences soil elements in
Mediterranean basin ecosystems (Caetano-Sanchez et al., 2024;
Ochoa-Hueso et al., 2021). In addition to P, we selected a suite of
17 key soil elements relevant to Mediterranean ecosystems (Mu et
al., 2023, 2024), encompassing essential nutrients for plant and
microbial metabolism, as well as potential toxicants at elevated con-
centrations. We hypothesize that short-term N deposition primar-
ily affects soil P through shifts in extracellular enzyme activity,
while exerting only minor effects on other soil elements in this
P-limited system. Additionally, we anticipate that N-induced
changes in soil and plant physiological processes, such as soil res-
piration and photosynthetic activity, will further influence soil ele-
ment dynamics.
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2 Materials and methods
2.1 Study site and experimental design

The study was conducted from spring 2015 to winter 2016 in a
natural shrubland located in the Garraf Mountains, south of Barcelona
(41°18'08"N, 1°49’05”E; 210 m a.s.l.). Detailed information about the
study site and experimental design can be found in previous works by
Mu et al. (2019) and Zuccarini et al. (2021). Briefly, the climate and
vegetation at this site is typically Mediterranean. The site experienced
large wildfires in the summers of 1982 and 1994, the regenerated veg-
etation covered approximately 75% of the area and reached up to
1.5 m in height, dominated by Erica multiflora L. (Ericaceae) among
woody perennial shrubs. The soil type is a Lithic Xerorthent (Soil
Survey Staff, 2022) developed over dolomite and calcareous bedrock
(Cartographic and Geological Institute of Catalonia, 1:250,000 soil
map). A description of the soil physicochemical properties is provided
in Supplementary Table S1.

Six plots (5 m x 4 m each) were randomly distributed in three
blocks. Each block contained one nitrogen (N) treatment plot and one
untreated control (C) plot. This randomized block design allowed us
to test for the effects of N addition while controlling for spatial hetero-
geneity. The three N treatment plots were fertilized with liquid
NH,NO; (Fluka, Buchs, Switzerland) from spring 2015 to winter 2016
totaling 60 kg N ha™' (15 kg N ha™" per season). Each N treatment plot
received three fertilization applications per season (5 kg N ha™" each
application) within the 2 weeks prior to soil sampling dates (see
Section 2.2). For every application, 0.030 kg of NH,NO; dissolved in
approximately 4 L of water was sprayed over the shrubland canopy of
each N treatment plot. Soil sampling occurred 3-5 days after the final
fertilization application each season.

2.2 Soil sampling

Soil sampling was conducted on April 15-16 (spring), July 22-23
(summer), December 9-10 (autumn) in 2015 and February 2-3
(winter) in 2016. Three soil cores (5 cm in diameter and 10 cm deep)
were collected per plot per season (total n = 72). Soil sampling was
performed around 15:00 h, immediately after soil CO, efflux was mea-
sured (see Section 2.5), to ensure sampling standardization and mini-
mize variability associated with diurnal changes in soil microbial and
plant activity (Zuccarini et al., 2021). In the laboratory, samples were
sieved. The <2 mm soil fraction was retained and divided into sub-
samples for measurement of gravimetric soil water content, enzymatic
activity, bicarbonate-extractable phosphorous (P), and concentrations
of other soil elements. Samples were stored at 4 °C until analysis.

2.3 Soil extractable elements

Phosphorus (P) and other elements, including arsenic (As), cal-
cium (Ca), cadmium (Cd), chromium (Cr), copper (Cu), iron (Fe),
mercury (Hg), potassium (K), magnesium (Mg), manganese (Mn),
molybdenum (Mo), nickel (Ni), lead (Pb), sulfur (S), strontium (Sr),
vanadium (V), and zinc (Zn), were extracted by shaking 2 g of fresh
soil in 0.5 M NaHCO; (pH 8.5) for 30 min (Olsen et al., 1954). The
elemental concentrations in the extracts were measured using induc-
tively coupled plasma optical emission spectrometry (ICP-OES
Optima 4300DV, PerkinElmer, Wellesley, USA) after digesting 2.5 g
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of the extract with concentrated HNO,, HCI, and HF (Merck & Co.,
New Jersey, USA) in a microwave oven (MARS Xpress, CEM
Corporation). The resulting solutions were diluted to a final volume
of 50 mL with ultrapure water and 1% HNO;. Blank solutions were
analyzed alongside samples to control potential contamination.
Additional details can be found in Asensio et al. (2021) and Mu et al.
(2023). The concentrations of these elements were expressed as pg of
extractable element per gram of soil dry mass. Under our specific
experimental conditions, the detection limit was 0.001 pg g™

2.3.1 Soil extractable P

In addition to extractable total P (ETP; see above), inorganic
extractable P (Pi) in one aliquot of the NaHCO; extracts was also
determined using the Olsen’s method (Watanabe and Olsen, 1965).
The amount of organic P (Po) in the extract was calculated as the dif-
ference between ETP and Pi and a P-sorption correction factor was
applied to Pi values; then, we calculated the ratio of inorganic P to
organic P (Pi/Po).

2.3.2 Soil extractable nutrients and trace
elements

Extractable nutrients and trace elements were measured together
with ETP in the non-fumigated NaHCO; extracts using inductively
coupled plasma optical emission spectrometry (ICP-OES). Although
we have presented a representative suite including 17 dominant ele-
ments that have important implications on living organisms (Mu et
al,, 2023), it is challenging to identify an extraction method that is
suitable for many elements at the same time. The extraction with
bicarbonate at pH 8.5 is considered the most suitable for the analysis
of inorganic P forms in calcareous to slightly acidic soils (Olsen et al.,
1954; FAQ, 2021), while the low acidity of our extractant may limit the
solubility and extraction efficiency of Cu, Fe, Ni and Mn (Truog,
1948). However, we opted for this approach and only retained those
elements whose concentrations consistently exceeded the detection
limit (Cd, Cr, Hg and Zn were discarded); the extractable concentra-
tions of S showed high variability perhaps due to methodological limi-
tations (Mu et al., 2023). The final set of mineral elements analyzed in
this study included As, Ca, Cu, Fe, K, Mg, Mn, Mo, Ni, Pb, Sr., and
V. This methodological approach might provide a relatively standard-
ized yet conservative estimate of element bioavailability in
Mediterranean calcareous soils (Mu et al., 2023, 2024).

2.4 Soil extracellular enzyme activity

We determined the activity of p-glucosidase (bgl), leucine and
glycine aminopeptidases (leu and gly), and acid and alkaline phospha-
tases (acp and akp) in the soil samples using colorimetric assay tech-
niques with p-nitrophenyl and p-nitroaniline derivate chromogenic
substrates following Sinsabaugh et al. (1993) and Popova and Deng
(2010) with some modifications as outlined in Zuccarini et al. (2021).
Enzymatic activities were expressed as pmol of substrate released per
gram of dry soil per hour of incubation. A detailed description of the
methodology is provided in Supplementary Table S2.
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2.5 Soil CO, efflux, temperature and water
content

Soil CO, efflux (soil respiration; SR) was measured between
09:00 h and 15:00 h prior to each soil sampling campaign using three
soil collars per plot, permanently inserted (2 cm deep) into the bare
soil. The measurements were performed within a closed system con-
sisting of an SRC-1 soil respiration chamber, connected to an EGM-4
portable gas analyzer (PP-systems, Hitchin, UK). The methodology
for this procedure is detailed in Zuccarini et al. (2020) and Mu et al.
(2022). Soil temperature (ST) was measured using a portable digital
soil thermometer probe TO 15 (Jules Richard Instruments, Argenteuil,
France). The probe was inserted at a depth of 10 cm near the collars;
the readings were taken after stabilization and concurrently with SR
measurements on each collar. All measurements were performed on
sunny days. Gravimetrical soil water content (SWC) was determined
in the laboratory by measuring weight loss after oven-drying sub-
samples at 105 °C for 24 h.

2.6 Plant foliar photosynthesis and
fluorescence

Two E. multiflora plants were randomly selected in each plot for
concurrent monitoring of gas exchange and chlorophyll fluorescence
parameters. We measured net CO, assimilation rate (A) in terminal
twigs (three replicates per plant) using a portable photosynthesis
system (LI-6400XT, Li-Cor, Inc., Lincoln, NE, USA) at 25 °C and a
light intensity of 1,000 pmol m™s7, as described by Liu et al. (2016).
Briefly, healthy, mature and sunlit needle clusters at a height of 1.0-
1.5 m was clamped into a leaf chamber for measurements at midday
(11:00-13:00, solar time). The maximum photochemical efficiency of
photosystem II (the ratio of variable to maximum fluorescence; Fv/
Fm) was determined using measurements of minimum and maxi-
mum chlorophyll fluorescence, recorded by a portable miniaturized
pulse-amplitude-modulated photosynthetic yield analyzer (MINI-
PAM, Walz, Effeltrich, Germany) with leaf-clip holders after dark
adaptation for 30 min as described by Zhang et al. (2017). The average
plot values of A and Fv/Fm were used as explanatory variables in the
analysis of extractable concentrations of soil elements.

2.7 Statistical analysis

The effects of N deposition and season on soil extractable P and
other elements, microclimatic variables, microbial activity, and plant
physiological parameters were analyzed using linear mixed-effects
models, with treatment and season as fixed effects and plot as a
random factor in R (v. 4.5.1). The assumptions of normality and
homoscedasticity were checked using Shapiro-Wilk and Levene tests,
respectively. Statistical differences were tested between treatments for
each season using a Student’s ¢-test. A principal component analysis
(PCA) was conducted to visualize multivariate correlations between
standardized soil chemical-biological variables, utilizing the
FactoMineR and factoextra packages in R. Vector variables repre-
sented soil P, soil elements, soil microclimate, soil microbial activities,
and plant activities, while cases were marked by treatment and season.
The effects of treatment and season on the extractable soil element
composition (soil P and elements) were investigated using
PERMANOVA with the vegan package. Furthermore, structural equa-
tion modeling (SEM) was applied to disentangle the direct and
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indirect effects of N deposition on the soil ETP, where effects were
divided into total, direct, and indirect (mediated by SR, acp, leu and
A) components using the lavaan package (Rosseel, 2012) with accept-
able comparative fit index (CFI > 0.90), rooted mean square error of
approximation (RMSEA < 0.08) and standardized root mean square
residual (SRMR < 0.08). Statistical significance was set at p < 0.05, and
data visualization was carried out using the ggplot2 package in R.

3 Results
3.1 Soil microclimate

Soil temperature (ST) and soil water content (SWC) exhibited
seasonal variations but showed no effects from nitrogen (N) treat-
ments. ST reached a maximum in summer and minimum in autumn
and winter (Figure 1A). SWC was highest in autumn, followed by
spring and winter and the lowest in summer (Figure 1B).

3.2 Effects of N deposition and season on
soil microbial and plant activity

The N deposition provoked an increase in soil respiration and a
reduction in activities of carbon (C)-mobilizing (B-glucosidase; bgl)
and N-mobilizing (glycine aminopeptidases and leucine aminopep-
tidases; gly and leu) enzymes in all seasons, except for bgl in summer
(Supplementary Table S3). As for P mobilizing enzymes, N deposi-
tion generally increased acid phosphatases (acp) activity (p < 0.01)
but had no significant effect on alkaline phosphatases (akp) activity.
Additionally, the impact of N deposition on acp exhibited seasonal
variations (p < 0.05), whereby acp activity increased markedly in
N-treated plots only in autumn (Supplementary Table S3). Soil respi-
ration (SR) and extracellular enzyme activities varied significantly
with the seasons: SR was higher in spring—summer periods than in
autumn-winter periods (Figure 1C); minimum and maximum activ-
ity of extracellular enzymes occurred in summer and winter or
spring, respectively (Supplementary Table S3). The peaks of SR and
P-mobilizing enzymes (acp and akp) generally occurred in the same
season (spring).

The N treatment led to reduced net photosynthetic rates (A;
p <0.001). Additionally, there was a significant Treatment x Season
interaction (p < 0.001), whereby photosynthetic activity declined mark-
edly in N-treated plots in autumn and winter (Supplementary Table S3).
Plant photosynthetic activities exhibited significant seasonal differences,
with the highest rates recorded in autumn and minimum in summer
and winter (Supplementary Table S3).

3.3 Effects of N deposition and season on
soil P availability

N deposition increased levels of soil P for extractable total P
(ETP), inorganic extractable P (Pi) and organic P (Po) over the sam-
pling periods, with significant increases in all seasons for ETP and Po
and in summer-autumn periods for Pi (which had a significant inter-
action with season), while Pi/Po ratio was not affected by the N treat-
ments (Figure 2). Seasonal variations (p < 0.001) in soil extractable P
were generally higher in summer except for Pi/Po ratio that peaked in
autumn; levels of ETP remained constant during other season, and the
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FIGURE 1
Seasonal soil temperature (A), water content (B), and CO, efflux (C) in
control (blue) and nitrogen addition (red) plots. Values represent
means + SE (n = 9). Significant effects of season and treatment (two-
way ANOVA) are indicated within each panel when present. Asterisks
denote significant differences between treatments within each
season (Student's t-tests, *p < 0.05, **p < 0.01 and ***p < 0.001).

lowest levels of Pi and Po were recorded in winter—spring and autumn
periods, respectively (Figure 2).

Structural equation modeling (SEM) analysis showed an overall
positive effect of N deposition on ETP (Figure 3). The direct effect of
N deposition explained 39% of variability in ETP, and the indirect
effect mediated by biological activities explained 16% of variability.
ETP was significantly positively correlated with SR and negatively cor-
related with A (p < 0.05).

3.4 Effects of N deposition and season on
extractable soil element composition

Calcium (Ca), copper (Cu), potassium (K), magnesium (Mg) and

iron (Fe) showed the highest concentrations among elements studied
during the sampling periods, all with a mean above 1 pug g™' in control
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plots (Supplementary Table S4). The N treatment affected extractable
soil element composition, notably decreasing extractable Fe through-
out the year (p < 0.05; Figure 4; Supplementary Table S5). In addition,
the impact of N deposition on extractable K varied seasonally
(p <0.05), with a large increase only found in autumn. Seasonal effects
were observed on extractable arsenic (As), K, manganese (Mn), lead
(Pb), and vanadium (V) that were higher in summer or autumn
(Figure 4; Supplementary Table S5).

3.5 Multivariate analyses

The PCI1 and PC2 of the principal component analysis (PCA)
accounted for 27.2 and 19.3% of the total variance respectively, where
extractable concentrations of most elements, SWC and activities of leu
primarily contributed to PC1, while ETP and extractable Po, Pb and
V, soil microclimate and respiration, and Fv/Fm were the main con-
tributors to PC2 (Figure 5C; Supplementary Table S6A). There were
seasonal effects (PC1: R*=0.16 and p <0.01; PC2: R*=0.77 and
p <0.001; Supplementary Table S6B) roughly differentiated by
summer, when soil temperatures and respiration rates were higher,
compared with the other seasons when there were higher levels of
water content and photosynthetic activity; The extractable elements
were separated by season mainly due to SWC and ST effects (Figure 5;
Supplementary Table S3). The ellipses grouping the data were not well
separated between treatments; there was no clear separation of
extractable elements by season either (Figure 5). According to
PERMANOVA results, the variation in soil elemental composition
was significantly explained by season (10.0%, p = 0.03) but not by
treatment (Table 1). No significant interaction was observed between
treatment and season.

4 Discussion

4.1 Effects of nitrogen (N) deposition on
extractable phosphorus (P) concentrations
in Mediterranean shrubland soils

The calcareous and basic soils in the study region of Garraf exhibit
severe P deficiency (Sardans et al., 2008; Zuccarini et al., 2020), with
P predominantly occurring in the highly occluded octacalcium phos-
phate (Ca;-P) form (Liu et al., 2019), further reducing its availability.
Globally, these soils fall within the range of low to very low P avail-
ability compared to other world soils (Sharpley et al., 2003; Zuccarini
etal, 2021). Simulated N deposition can partially alleviate this limita-
tion in the short term, as supported by an increase in soil extractable
total P (ETP) together with two fractions (Pi and Po) in the N treat-
ment plots. These effects may arise from direct mechanisms, such as
changes in soil pH influencing P availability, as well as indirect bio-
logical mechanisms, including shifts in microbial activity and enzy-
matic processes that regulate nutrient cycling.

The structural equation modeling (SEM) analysis showed that the
direct effect of N on extractable P was approximately 2.5 times greater
than its indirect effect mediated by biological activities (Figure 3).
These findings indicate that over short periods, N deposition mainly
causes direct effects on soil P availability probably linked to a pH
decrease induced by the N treatments. The microbial oxidation of
NH,* to NO,™ generates H*, and this nitrification process is likely
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Structural equation model (SEM) explaining the variance in extractable total phosphorus (ETP) in soils as a function of nitrogen (N) addition and selected
biological variables: soil respiration (SR), acid phosphatase activity (ACP), leucine aminopeptidase activity (LEU), and net photosynthetic rate (A). Path
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approximation; SRMR, standardized root mean square residual.

Positive pathways

Indirect

0.05

enhanced under external NH,* inputs (Song et al.,
2017), partly supported by the higher soil respiration in N treatment
plots (Figure 1C). The H* decreased soil pH
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2021; Zhao et al.,

, promoting the
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dissolution of Ca-bound P (Wei et al., 2024; Zhang et al., 2020) and
the release of soluble phosphate species (e.g., HPO4*~, H,PO,"), thus
increasing P in extractable forms (e.g., Olsen-P). Under high soil pH

frontiersin.org


https://doi.org/10.3389/ffgc.2026.1849509
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org

Mu et al.

10.3389/ffgc.2026.1849509

[ Control
mmm Nitrogen
250 -

200 i[

Soil extractable Ca (ug Ca g'1 dry soil)

0 T T T T

300 4 A

Spring Summer Autumn Winter

60 - c

Treatment: P < 0.05
50 -

40

30 -

20 -

10

Soil extractable Fe (ug Fe g'1 dry soil)

0 T T T T

Spring Summer Autumn Winter

2.0 E

1.5 1

1.0 4

0.5

Soil extractable Cu (ug Cu g'1 dry soil)

0.0

Summer Autumn
Season

Spring Winter

FIGURE 4

panel.

Seasonal extractable concentrations of soil (A) calcium (Ca), (B) potassium (K), (C) iron (Fe), (D) magnesium (Mg), and (E) copper (Cu) in control and
nitrogen (N) addition plots. Data represent means + SE (n = 9). Significant effects of season and treatment from two-way ANOVAs are indicated in each

% 300 1 season: P < 0.05 B
a
> Season x Treatment: P < 0.05
T 250
)
o
X 200
=]
2
X 150
2
o
£ 1001
©
=
x
@ 50 -
©
(2]
0
Spring Summer Autumn Winter
S 60
8 D
2
T 504
)
> {
S a0+ {
=]
2
o 30 -
=
2
§ 20 -
o
©
+
% 10 A
)
°
w 0
Spring Summer Autumn Winter
Season

conditions like this shrubland (pH = 8.1), soil colloids (e.g., CaCOs,
Fe/Al oxides) exhibit strong adsorption of P, while acidification can
weaken this immobilization effect (Wei et al., 2024; Zuccarini et al.,
2021), further contributing to the release of extractable
P. Furthermore, high availability of N led to the shift from N to
P-mobilizing enzymes under N addition conditions, soil organisms
may utilize existing and added N to increase production of phospha-
tases and reduce production of N-mobilizing enzymes, in accordance
with optimum allocation theory (Kozlowski and Wiegert, 1986;
Zuccarini et al., 2021). This enzymatic shift may be particularly pro-
nounced for acp (Figure 3), as N-induced soil acidification could shift
pH closer to its optimal range (Lemanowicz, 2018; Zuccarini et al.,
2021). In contrast, akp appeared more strongly influenced by soil
microclimate than by N treatment, as reflected by the longer PCA
vectors (Figure 5C). This enzyme allocation strategy that aims to
optimize P acquisition could also boost biomass growth
(Lemanowicz, 2018; Zuccarini et al., 2021) as indicated by higher soil
respiration in N treatment plots (Figure 1C). Although increased
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nutrient availability might stimulate plant growth, these positive
effects may be subtle at this site, as we observed only slight increases
in net photosynthetic rate in the N treatment plots during spring
(Supplementary Table S3), when temperature and moisture condi-
tions were favorable. However, the increase in extractable P coincided
with decreased net photosynthetic rates during autumn-winter peri-
ods in the N treatment plots (Figure 2; Supplementary Table S3). It is
possible that the reduction in foliar photosynthesis under the higher
N treatment levels (totaling 45-60 kg N ha™') in the colder seasons
(Mu et al., 2019), decreased plant growth and the plants ability to
absorb nutrients, consistent with the observed accumulation of
extractable P and potassium (K) (see Section 4.2) in the soil.

We recorded some typical short-term direct and indirect effects
of N deposition on soil P concentrations in this P- and water-limited
Mediterranean ecosystem. The likely effects of N deposition are to
increase the P availability temporarily by altering the soil pH and
biological activity. Our study has shown that simulated N deposition
in the P-limited ecosystem mobilized soil P from stable to labile
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Two-dimensional representation of the variation explained by the first two principal components (PC1 and PC2) from the principal component analysis
(PCA) of soil chemical and biological variables across seasons and nitrogen (N) treatment. (A) Scores of individual soil samples plotted by season.

(B) Scores grouped by treatment: control (dashed ellipse) and N addition (solid ellipse). (C) Variable loadings contributing to PC1 and PC2. Variables are
grouped by category: soil phosphorus fractions (yellow), other soil elements (red), microbial activities (blue), soil microclimate (purple), and plant
physiological variables (green). Percentages in parentheses indicate the proportion of total variance explained by each component. Abbreviations: ST,
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TABLE 1 Results of PERMANOVA testing the effects of season, nitrogen (N) treatment, and their interaction on the composition of extractable soil elements (including ETP, Pi, Po and Pi/Po ratio),

using 999 permutations.

Sums of Mean squares
squares
Season 3 0.277 0.092 2.519 0.100 0.030
Treatment 1 0.077 0.077 2.088 0.028 0.115
Season: treatment 3 0.076 0.025 0.689 0.027 0.672
Residuals 64 2.348 0.037 0.845
Total 71 2.777 1.000
Significant effects (p < 0.05) are shown in bold.
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fractions by enhancing the activity of phosphatases, therefore result-
ing in higher P bioavailability and partly counterbalancing the
induced nutritional disequilibrium over short periods. Despite avail-
able P elevated temporarily, the shifted soil enzyme activity tends to
intensify the P limitation that already occur in this region, as pro-
longed N deposition can saturate the ecosystem’s ability to make P,
that may partly be supported by the decreased Pi/Po ratio in N treat-
ment (Figure 2D; Supplementary Table S4). This worsened P limita-
tion may alter the cycling of bio-elements (Janes-Bassett et al., 2020;
Lu et al., 2014) and favors plant and microbial species adapted to P
scarcity and lower pH (Lilleskov et al., 2019; Stevens et al., 2010),
potentially altering ecosystem structure and function. Moreover, N
deposition can induce soil acidification, leading to a generalized
decline in biological activity over long periods (Vitousek et al., 1997;
Wang et al., 2013) that was not observed in this one-year study.

Although N treatment significantly increased levels of ETP, Pi,
and Po throughout the sampling periods, the Pi/Po ratio remained
unaffected by N addition, showing only a non-significant tendency
to decrease in autumn (Figure 2). This period follows the dry
Mediterranean summer, when rainfall resumes and biological activity
intensifies. This pattern suggests two key points: (1) over the short
term (one year), N inputs have not substantially shifted the balance
between organic and inorganic P forms in this P-limited ecosystem,
and (2) following drought and the return of moisture, microbial bio-
mass activity rebounds, leading to increased microbial immobiliza-
tion of P in N-treated plots. This is supported by the observed higher
microbial biomass P in autumn under N addition (Zuccarini et al.,
2021), indicating that microbes likely accumulate organic P within
their biomass during this period.

4.2 Effects of N deposition on soil
extractable element composition in
Mediterranean shrubland soils

N treatment led to a remarkable reduction in extractable iron (Fe;
Figure 4C), together with a statistically insignificant reduction in
extractable calcium (Ca)—the most dominant element, however,
these decreasing trend are likely to intensify with continuous N depo-
sition due to increasingly detectable cumulative effects observed in
long-term studies at this site (Mu et al., 2024; Zuccarini et al., 2020).
Metal nutrients such as Fe and Ca typically function as cofactors in
protein chelates and are primarily released through the degradation
of organic matter, including proteins (Sardans et al., 2012; Tie et al.,
2023). The observed decreases in extractable Fe and Ca concentra-
tions may be linked to reduced activities of C- and N-mobilizing
enzymes under N additions. This enzymatic suppression likely slows
organic matter decomposition (Janssens et al., 2010; Zuccarini et al.,
2021), thereby limiting the release of these metal nutrients.
Supporting this, positive correlations were found between extractable
Fe and Ca concentrations and enzyme activities (particularly activi-
ties of leu; Figure 5C).

N treatment led to a slight increase in extractable K (p = 0.08;
Supplementary Table S5). This may link to the competition between
NH," and K* for adsorption sites on soil colloids (Buragohain et al.,
2019; Liu et al., 2024), which leads to the displacement of K* into soil
solution; moreover, this response likely reflects the promoted weath-
ering of K-bearing minerals (Mao et al., 2017; Xiao et al., 2012) under
lower levels of pH, together resulting in a short term increase in
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extractable K in N treatment plots. The effects of N-induced changes
in enzyme activities on K dynamics might be minor. Unlike Fe and
Ca, K in litter exists predominantly as free ions, which rapidly leach
into the soil solution during early-stage decomposition (Sardans and
Penuelas, 2015; Tie et al., 2023). Consequently, K availability
remained largely unaffected by N-induced enzymatic inhibition, as
extractable K concentrations were primarily governed by soil water
dynamics at this site (Mu et al., 2024). Although extractable K accu-
mulated in soil, its high solubility made it particularly susceptible to
leaching during heavy rains, creating a risk of net ecosystem K loss
over long periods.

5 Conclusion

Simulated nitrogen (N) deposition increased soil concentrations
of extractable phosphorus (P) and potassium (K), while decreasing
iron (Fe) and calcium (Ca), thereby modifying the elemental compo-
sition of Mediterranean shrubland soils. The displacement of K* into
the soil solution was likely facilitated by competition with externally
supplied NH,* for soil adsorption sites. The shift in microbial enzyme
activity from the mobilization of carbon (C) and N toward P may
have contributed to reduced Fe and Ca release, alongside increased
extractable P levels under N addition conditions. Additionally,
decreased plant nutrient uptake during colder seasons likely further
contributed to the accumulation of extractable P. Although the long-
standing P limitation in this shrubland was temporarily alleviated by
short-term N addition, the enzymatic response indicates a limited
capacity for continued P mobilization. Over prolonged N deposition,
this could lead to reinforcement rather than alleviation of P limita-
tion, potentially exacerbating nutrient constraints over time. Such
imbalances in nutrient cycling may alter biogeochemical processes
and select for plant and microbial species adapted to lower pH and P
scarcity, thereby affecting ecosystem functioning and structure.
Further long-term studies are necessary to determine whether these
patterns persist in Mediterranean soils.
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