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Atmospheric nitrogen (N) inputs in the Mediterranean Basin are projected to increase due to
fossil fuel combustion, fertilizer use, and the exacerbation of agricultural production processes.
Although increasing N deposition is recognized as a major threat to ecosystem functioning,
little is known about how local environmental conditions modulate ecosystem function
response to N addition, particularly in the context of Mediterranean-Basin ecosystems.
Here, we assess how N addition affects important ecosystem properties associated with
litter decomposition, soil physical-chemical properties, soil extracellular enzymatic activity
and microbial abundance across three long-term N addition experimental sites in the
Mediterranean Basin. Sites were located in El Regajal (Madrid, Spain), Capo Caccia
(Alghero, Italy), and Arrábida (Lisbon, Portugal) and are all representative of Mediterranean
shrublands. No common pattern for litter decomposition process or other studied variables
emerged among the control plots of the studied sites. Nitrogen supply only affected soil pH, a
major driver of decomposition, in two out of three experimental sites. Moreover, when we
explored the role of N addition and soil pH in controlling litter decay, we found that the effects of
these factors were site-dependent. Our results point out to local ecosystem features
modulating N addition effects in controlling litter decomposition rates in Mediterranean
ecosystems, suggesting that the responses of soil functioning to N deposition are site-
dependent. These findings provide further knowledge to understand contrasting ecosystem
responses to N additions based on a single field experiments.
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INTRODUCTION

Global change, mainly associated with fossil fuel combustion,
fertilizers, and intensive animal farming, are causing large
increases in nitrogen (N) deposition in the Mediterranean
Basin (Fowler et al., 2013; Galloway et al., 2014). This
additional nutrient input is known to strongly impact the
structure and function of terrestrial ecosystems (Pardo et al.,
2011) resulting in soil acidification (Bobbink et al., 2010), severe
eutrophication (Currie, 1999), and changes in the abundance,
composition, and activity of soil microbial communities (Ferretti
et al., 2014; Vourlitis and Fernandez, 2015; Zeng et al., 2016) with
negative consequences for key soil processes such as litter and
organic matter decomposition (Hobbie, 2005; Knorr et al., 2005;
Vourlitis and Zorba, 2007; Sun et al., 2015). Terrestrial
ecosystems in the Mediterranean Basin are projected to
experience an increased N deposition from the 7 kg
N ha−1 yr−1 of the mid-1990s to 12 kg N ha−1 yr−1 in 2050
(Phoenix et al., 2006). While most previous studies have been
performed in mesic ecosystems (Pregitzer et al., 2007; Nave et al.,
2009; Hao et al., 2013), we still lack cross-site field experimental
evidence of the impact of N additions on important soil processes
such as litter decomposition, a major regulator of nutrient and
carbon (C) entrance in nutrient-poor Mediterranean ecosystems.
Unlike for mesic ecosystems, dry deposition drive the
accumulation of N in drier Mediterranean ecosystems, which
becomes available to plants and microbes after the first rainfall
events (Fenn et al., 2003). As such, the responses of soil processes
to N deposition in Mediterranean environments might differ
from those in more mesic ecosystems, where wet N deposition
dominates and determines a more evenly distributed N input over
time (Gerosa et al., 2009).

Increased N deposition can directly or indirectly impact litter
decomposition via changes in litter quality, soil N availability, and
soil biodiversity, leading to changes in microbial community-
level activity (Manning et al., 2008; Zeng et al., 2016). For
example, Zhu et al. (2016) found that N addition in N-limited
sites allowed decomposers to have sufficient N to allocate more
energy to the production of polysaccharide hydrolases during the
early stage of litter decay that lead to enhanced litter
decomposition. However Vourlitis et al. (2021) recentely
demostrated that the addition of N in semiarid ecosystems can
reduce the activity of hydrolytic enzymes, while Liu et al. (2010)
showed in N-rich sites a reduction of the synthesis of ligninolytic
enzymes involved in the late stage of litter decomposition.
Nitrogen supply can also reduce soil pH, microbial enzymatic
activity, and soil microbial biomass, thus hampering litter
decomposition (Waldrop et al., 2004; Treseder, 2008; Liu and
Greaver, 2010). Nitrogen-induced changes in soil pH modulate
the mineralization process (Curtin et al., 1998) through direct and
indirect pathways. Variations of soil pH were shown to have
effects on structure and activity of the microbial community
(Nicol et al., 2008; Lehtovirta et al., 2009; Jiang et al., 2015), on soil
biochemical properties (Kemmitt et al., 2006), and bioavailability
of soil nutrients (Robson, 1989; Lucas et al., 2011). Moreover,
Kimball et al. (2014) reported that in semiarid ecosystems, N
addition combined with drouth influenced the native

vegetation cover, and Ochoa-Hueso et al. (2019) proved that
vegetation type can be more important than N additions in
regulating litter decomposition in mosaic ecosystems.
Therefore, the effects of N addition on litter decomposition
appears to be specific to the ecosystem characteristics,
decomposition stage, and litter quality (Lo Cascio et al., 2017).
However, further studies are needed to understand the potential
interactions between soil N concentration, ecosystem
characteristics and decomposition dynamics, especially in
semi-arid ecosystems (Cheng et al., 2019).

The overall aim of this experiment is to identify the most
relevant parameters and the direction in which they influence the
decomposition rate in Mediterranean ecosystems. To do this, we
performed a set of analyses to evaluate the response of litter
decomposition to chronic N addition in three long term N
manipulation experimental sites (NitroMed network (Lo
Cascio et al., 2016; Munzi et al., 2017),) in Mediterranean
shrubland ecosystems. We used the Tea Bag Index (TBI) as a
standardized metric for litter decomposition (Keuskamp et al.,
2013). To understand possible common pathways among the
experimental sites, we also examined soil properties, microbial
community composition, and soil enzymatic activities. We
hypothesized that the effects of N addition on decomposition
rates depend on the total amount of added N and the ecosystem
specificities. In particular, we expected that physical-chemical
and biological soil properties like pH, soil nutrients, and soil
microbial composition and activity will modulate the response of
decomposition rate to N addition.

MATERIAL AND METHODS

Sites Description and Experimental Designs
This study was performed within the international NitroMed
network that was established to find general trends in the
response of natural and semi-natural shrubland ecosystems in
the Mediterranean Basin to increased atmospheric N deposition.
Experimental field sites of the network are: El Regajal (Spain),
Capo Caccia (Italy), and Arrábida (Portugal). As N treatments
applied in the three sites are different, the aim of the network is to
find common trends applicable to ecosystems located in the
Mediterranean Basin instead of looking for direct comparison
among the sites. The main characteristics of each experimental
site are summarized in Table 1.

EL Regajal, Spain
El Regajal is a semiarid Mediterranean shrubland within the
Nature Reserve “El Regajal-Mar de Ontígola” (central Spain). The
semiarid Mediterranean climate favors rainless and warm
conditions in summer and cold and rainy weather in winter.
Soils are rich in calcium carbonate with a sandy clayish structure.
Vascular vegetation is dominated by evergreen species such as
Quercus coccifera L. and Rosmarinus officinalis L. while a well-
developed biocrust colonizes the space between shrubs (see
Ochoa-Hueso et al., 2011 for detailed community description).
The natural oxidized N (NOx) deposition for this area of ca.
1.05 kg NOx ha

−1 y−1 for the period from 2000 to 2013 according
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to the European Monitoring and Evaluation Programme (EMEP
Status Report (1/2015)) (EMEP, 2015).

In September 2007, 24 plots (2.5 × 2.5 m) were established
following a 6-block design (n � 6). Within each block, four plots
were randomly selected: three plots were subjected to N additions
of 10, 20, and 50 kg N ha−1 y−1, respectively, and compared to
unfertilized control plots. Starting in October 2007 and once per
month, 2 L of 0, 19, 37, and 93 mM ammonium nitrate
(NH4NO3) solution were added to the whole surface of the
plots, except during the typical dry period of this ecosystem
(i.e., July and August) to simulate the peak of N availability
related to the onset of rains (Fenn et al., 2003). Therefore, a
correspondent triple dose was applied in September. The soil
surface was only slightly rewetted as a result of the N fertilization
treatments and treated soils became dry in few minutes. This
procedure fostered N accumulation at the soil surface mimicking
the effect of atmospheric N deposition in this area where morning
dew frequently wets the soil surface. The same amount of water
was added to the control plots. Buffer strips of at least 1 m were
set up between the plots. As the main source of N enrichment in
these ecosystems is dry deposition that suddenly becomes
available with rainfall events leading to high peaks of this
nutrient (Fenn et al., 2003), we intended to mimic this effect
by fertilizing our experimental sites through wet N addition in
high doses which act as a N pulse in the soil.

Capo Caccia, Italy
Capo Caccia is a coastal Mediterranean shrubland ecosystem
located in north-western Sardinia (Italy) within the Nature
Reserve “Portoconte-Capo Caccia”. The area features a sub-
humid Mediterranean climate characterized by dry summers,
mild and wet winters, and rainy springs and autumns. Soil is
classified as terra rossa (USDA, 1999); more details are reported
in Table 1. Juniperus phoenicea L. represents 80% of the vascular

vegetation cover, while the remaining 20% is bare soil covered by
a biological soil crust community. A detailed description of this
biological soil crust can be found in Morillas et al. (2017).
According to EMEP Status Report (1/2015), NOx deposition in
Capo Caccia was ca. 0.96 kg NOx ha−1 y−1 from 2000 to 2013,
whereas Gauss et al. (2016) reported that N natural deposition in
2012 varied from 1.7 to 3.7 kg N ha−1 y−1.

In April 2012, eight plots of 7.5 × 7.5 m were randomly
established. To encompass the spatial heterogeneity of the
experimental site, each plot contained at least one well-
developed J. phoenicea and a section of bare soil. Within each
plot two different microsites were analyzed: under the canopy of
J. phoenicea (hereafter referred to as Capo Caccia UC) and bare
soil (hereafter referred to as Capo Caccia BS). Four randomly
selected plots were subjected to the addition of 30 kg N ha−1 y−1

over the natural background N deposition as by Lo Cascio et al.
(2017) whereas the other four plots served as unfertilized controls
(n � 4). At the beginning of each season, 7.5 kg of NH4NO3 was
dissolved in 20 L of water and sprayed on the whole surface of all
the treated plots. Control plots received the same amount of
water. Like El Regajal, this experimental site was fertilized with
wet N addition in high doses to produce a soil N pulse to simulate
the natural peaks of N availability associated with the seasonal
rains typical of these ecosystems. Following N fertilization
treatments, the soil surface was only slightly rewetted and
treated soils became dry in few minutes. This allowed N to
accumulate at the superficial layers of soil, mirroring the effect
of natural atmospheric N deposition in this site where morning
dew frequently wets the soil surface.

Arrábida, Portugal
This experimental site consists of a maquis shrubland ecosystem
located in Arrábida Natural Park, south of Lisbon, Portugal. The
climate is sub-humid Mediterranean with similar characteristics

TABLE 1 | Main characteristics of the experimental sites.

El Regajal Capo Caccia (BS - UC) Arrábida

Location Spain, Aranjuez 40° 00′ 00.0″
N, 3° 36′ 00.0″ W (580 m asl)

Italy, Sardinia 40° 36′ 15.2″
N, 8° 09′ 15.0″ E (74 m asl)

Portugal, Lisbon 38°29′00.0″
N 9°01′00.0″W (270 m asl)

Climate Semiarid Mediterranean Subhumid Mediterranean Subhumid Mediterranean
Ecosystem type Shrubland Maquis Maquis
Starting year October 2007 April 2012 January 2007
Treatment NH4NO3 (kg ha−1 yr−1) 0, 10, 20, 50 0, 30 0, 40, 80
Replicates 6 4 3
Mean annual temperature (°C) 15 16.5 16
Mean annual rainfall (mm) 425 494 650
Canopy species cover (%) Quercus coccifera L. (>85) Juniperus phoenicea L. (<80) Cistus ladanifer L.

Rosmarinus officinalis L. (<15) Pistacia lentiscus L. (>12) Erica scoparia L.
Therophytes Phyllirea angustifolia L. (>4) Calluna vulgaris L.

Limonium echioides L. Smilax aspera L. (<3) Genista triacanthos L.
Asterolinon linum-stellatum L. Chamaerops humilis L. (<2) Ulex densus L.

Pedologic substrate Cenozoic limestone Mesozoic limestone —

Soil type Gypsum soil Lithic xerorthent Calcic rhodo-chromic luvisols
Typic rhodoxerarfs Calcareous chromic cambiols

Soil pH 8.1 7.4 5.9
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to those described for Capo Caccia. The soils of this site are terra
rossa classified as calcic rhodo-chromic luvisols and calcareous
chromic cambiols. The vegetation consists of a dense maquis
dominated by Cistus ladanifer L. while a well-developed biocrust
colonizes the scarce space between shrubs (see (Dias et al., 2013)
for further details on the site description). According to EMEP
Status Report (1/2015) the Background N deposition is ca. 5.2 kg
ha−1 y−1 (2.9 kg NOx +2.3 kg NHy).

In January 2007, nine plots of 20 × 20 m were established
following a 3-block design (n � 3). N availability was manipulated
in two plots within each block by adding 40 and 80 kg N ha−1 y−1

in the form of NH4NO3 and compared to unfertilized control
plots. The dry fertilizer was homogenously added by hand in
three equal applications throughout the year: spring, summer,
and mid-autumn/winter (Dias et al., 2013).

Litter Incubation and Soil Sampling
Field activity, encompasing tea bags deployment and soil
sampling collection for physico-chemical and biological
analysis, was simultaneously performed in all the experimental
sites at the beginning of April 2015.

The TBI has been proved to be an efficient estimator to
characterize and compare organic matter decomposition
dynamics between different ecosystems and soil types (Djukic
et al., 2018; Keuskamp et al., 2013 see Supplementary Material
for details regarding this method). One randomly placed tea bag
of each of the two litter qualities (green tea and rooibos) was
labeled and buried at 8 cm depth in each plot at every site. This
made a total of 32 tea bags in Capo Caccia (16 in Capo Caccia UC
and 16 in Capo Caccia BS), 48 in El Regajal and 18 in Arrábida.
Although one unique tea bag of each tea might have constrained
our ability to capture the entire spatial variability of the
experimental plots, it is important to highlight that plots in El
Regajal and Arrábida were mostly homogeneous, whereas the
patchy distribution in Capo Caccia was accounted for by
deploying tea bags in both microsites. Tea bags were collected
from all sites after a field incubation period of 65 days.
Subsequently, they were cleaned from roots and soil, oven-
dried at 70 C for 48 h, and weighed. As described by
Keuskamp et al. (2013), two parameters composing the TBI
were computed: TBIk which describes decomposition rate, and
TBIS that gives information about the litter stabilization factor.

At the same time the tea bags were installed, one composite
soil sample per plot and microsite (Capo Caccia) was collected at
each site, making a total of 16 soil samples in Capo Caccia (8 in
Capo Caccia UC and eight in Capo Caccia BS), 24 in El Regajal and
nine inArrábida. For each studied site/microsite each plot was defined
aiming to be representative of the area, but at the same time reducing
at minimum the intra-plot heterogeny, therefore no slope is present,
main vegetation cover is included in each plot, and there is an
adequate number of plot replications. Composite samples consisted
of five soil cores (2 cm in diameter, 0–8 cm depth of the mineral soil)
in each plot pooled together to account for spatial variability. A subset
of each soil sample was frozen at—20°C to perform the microbial
community analyses, while the rest of the soil sampleswere oven-dried
at 40°C for 72 h and sieved through a <2mm mesh to complete the
biogeochemical analyses.

Soil Physical-Chemical and Microbial
Analyses
We analyzed soil pH, organic C, total N, inorganic N, total
phosphorous (P), and the activities of extracellular soil enzymes
(Pritsch et al., 2011) involved in the degradation of cellulose
(glucuronidase, cellobiohydrolase, glucosidase), hemicellulose
(xylosidase), N-terminus of peptides and proteins (leucine
aminopeptidase), chitin (N-acetylglucosaminidase) and phosphate
(acid phosphatase). We also measured the total and relative
abundance of bacteria, fungi, ammonia-oxidizing bacteria (AOB),
and archaea (AOA) using quantitative PCR (qPCR). See
Supplementary Material for details on these methods.

Data and Statistical Analyses
All datasets were tested for normality and homogeneity of
variance (Shapiro-Wilk and Levene statistics) and were log-
transformed when necessary. Statistical significance was
defined at the 95% confidence level (p-value <0.05).

We tested for differences among control plots for TBIk and
TBIS, soil chemical, physical and microbiological properties
among sites with a one-way ANOVA to assess the differences
in soil properties among the experimental sites. We also tested for
differences among treatments for TBIk and TBIS, soil pH, EEA, soil
physico-chemical properties, and microbial community within sites
with a one-way ANOVA. Whenever the one-way ANOVA analyses
were significant, we conducted a post hoc LSD test to explore
differences in our response variables among treatments or sites,
respectively. We tested the treatment effect statistically using the
total N amount (data not showed) and the annual N doses. We
computed the total N amount for each treatment and site as the sum
of each N addition from the beginning of each experiment to Spring
2015. Although results showed similar trends for both the annual N
doses and cumulative N, we opted for using the annual doses due to
their clearer effects.

A principal component analysis (PCA) across sites and
treatments was conducted with EEA variables to identify
common patterns of response of microbial community activity
(Supplementary Figure S1; Supplementary Table S1). The first
component of PCA (EEA_1stAxis) explained 65% of the total
EEA variance showing higher correlation with the enzymes
related to C mineralization activity. The EEA_1stAxis was used
for further analyses.

Spearman correlation analyses were conducted between TBIk
and TBIS and a number of the studied variables encompassing
soil chemical proprieties, soil pH, AI, microbial community, and
EEA_first Axis. In addition, we also conducted correlation
analyses between pH and EEA for each site and microsite.
These analyses were performed by using IBM SPSS, version
23.0 (SPSS Inc. Chicago, IL, United States).

Aridity indexes (AI) were calculated as a numerical indicator
of the degree of dryness of the climate at each study site during the
tea bag incubation period (Barrow, 1992). Aridity indexes were
computed as AI � P/PET, where PET is the monthly average
potential evapotranspiration (mm), and P is the monthly average
precipitation (mm). Potential evapotranspiration was calculated
using the FAO Penman-Monteith method (Jensen et al., 1990).
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To examine whether TBIk and TBIS differed between fertilized
and control plots, among and within sites, we used generalized
linear mixed models (GLMMs). The GLMMs were performed
using R (R Core Team, 2014; package � “lme4” for GLMMs and
package � “multcomp” to perform post hoc test). The GLMMs for
all sites account for the interaction between treatments and sites
as fixed factor and pH as a covariate, while the respective
experimental designs were included as a random factor. We
also analysed all the sites separately. The GLMMs for El
Regajal, Capo Caccia BS, Capo Caccia UC, and Arrábida,
accounted for the interaction between treatments and pH as
fixed factors, while as the previous model, the respective
experimental designs were included as random factors on
TBIk and TBIS response.

RESULTS

Comparison of Soil Physico-chemical and
Biological Properties Among Sites
Control plots of Arrábida showed a significantly lower organic C
content compared to Capo Caccia in both microsites and a
significantly lower content of total N compared to El Regajal
(Table 2). We found no significant differences for inorganic N in
control plots among sites. In control plots, C/N content resulted
significantly higher in Capo Caccia UC compared to El Regajal
(Table 2). Total P content was minimum in the control plots of
Arrábida compared to the control plots of the other experimental
sites (Table 2). In terms of physical variables, pH and AI
showed maximum values in El Regajal, medium in both Capo
Caccia microsites, and minimum in Arrábida (Table 2). The
EEA_first axis in El Regajal in control plots was significantly
higher than the rest of sites (Table 2). The fungi to bacteria (F/
B) ratio was significantly lower in El Regajal and Capo Caccia
BS than in Capo Caccia UC and Arrábida (Table 2), while
the AOA showed a maximum value in El Regajal, medium
in both microsites of Capo Caccia and minimum in Arrábida

(Table 2). TBIk in control plots of Arrábida was 2-fold
higher than El Regajal and Capo Caccia in both microsites
(Table 2), while TBIS in control plots of El Regajal was
significantly higher compared to both microsites of Capo
Caccia (Table 2).

TABLE 2 | Soil physico-chemical and biological properties and other studied variables in the top 8 cm of the soil profile (means ± SE) for the control plots in El Regajal (Spain,
n � 6), Capo Caccia BS (Italy, n � 4), Capo Caccia UC (Italy, n � 4) and Arrábida (Portugal, n � 3). BS and UC indicate bare soil and under canopy microsites. Soil sampling
was performed in April 2015. Statistical differences are highlighted in bold, and letters indicate significant differences (p < 0.05) among the control plots of the study sites (one-
way ANOVA, post hoc LSD test). TBIk, TBIS, EEA. TBIk, TBIS, and aridity index results were multiplied by 100.

El Regajal Capo Caccia BS Capo Caccia UC Arrábida

TBIk 0.57 ± 0.06a 0.58 ± 0.05a 0.53 ± 0.02a 1.07 ± 0.17b

TBIS 35.65 ± 2.35a 25.02 ± 5.10b 19.98 ± 0.60b 35.60 ± 3.02ab

Organic C (%) 3.07 ± 0.45ab 3.71 ± 0.47a 4.07 ± 0.46a 1.72 ± 0.44b

Total N (mg/g) 2.20 ± 0.37a 1.77 ± 0.17ab 1.77 ± 0.07ab 0.78 ± 0.17b

Inorganic N (µg/g) 8.65 ± 1.24 5.82 ± 0.41 7.49 ± 1.30 9.06 ± 3.37
C/N 15.50 ± 2.22a 21.33 ± 1.84ab 23.06 ± 2.70b 21.59 ± 1.12ab

Total P (mg/g) 0.25 ± 0.03a 0.22 ± 0.05a 0.25 ± 0.02a 0.10 ± 0.01b

pH 8.08 ± 0.10a 7.50 ± 0.15b 7.35 ± 0.16b 5.95 ± 0.08c
Aridity Index 11.00 ± 0.33a 7.56 ± 0.07b 7.56 ± 0.07b 3.90 ± 0.02c
EEA (1st Axis) 0.64 ± 0.39a 0.63 ± 0.16b 0.76 ± 0.03b 0.96 ± 0.15b
F/B 0.58 ± 0.02a 0.59 ± 0.05a 0.73±<0.01b 0.76 ± 0.04b
Nitrifiers bacteria (log10) 5.35 ± 0.09 5.15 ± 0.03 5.19 ± 0.05 5.22 ± 0.05
Nitrifiers archea (log10) 7.27 ± 0.12a 6.78 ± 0.14b 6.61 ± 0.07b 5.91 ± 0.07c

FIGURE 1 | Effect of nitrogen (N) addition on soil decomposition rate
(TBIk) and stabilisation factor (TBIS) (means ± SE) in the top 8 cm of the soil
profile estimated through the tea bag index method for each N treatment in El
Regajal (Spain, n � 6), Capo Caccia BS (Italy, n � 4), Capo Caccia UC
(Italy, n � 4) and Arrábida (Portugal, n � 3). Capo Caccia BS and UC indicate
bare soil and under canopy microsites, respectively. Tea bags incubations
were performed for 65 days in spring 2014. Letters indicate significant
differences among N treatments within each site (p < 0.05, one-way ANOVA,
post hoc LSD test).

Frontiers in Environmental Science | www.frontiersin.org August 2021 | Volume 9 | Article 7093915

Lo Cascio et al. Nitrogen Effects on Litter Decomposition in Mediterranean Ecosystems

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Nitrogen Treatments Effects on Soil
Properties
We found no significant change of TBIk in response to N addition
in any of the experimental sites (Figure 1; p > 0.05). Nitrogen
addition significantly increased TBIS in Capo Caccia UC
(Figure 1, one-way ANOVA; F � 11.752; df � 1, p < 0.014),
whereas no effects were detected in the other sites.

Significant differences in soil pH were found among
treatments in both Capo Caccia BS (Figure 2, one-way
ANOVA; F � 10.714; df � 1, p < 0.017) and Arrábida
(Figure 2, one-way ANOVA; F � 6.966; df � 2, p < 0.027).
However, in Capo Caccia BS, pH decreased with N addition,
whereas in Arrábida pH showed the opposite trend. Soil pH in El
Regajal followed the same descending trend as in Capo Caccia BS,
but significant differences among treatments were not found
(Figure 2; p > 0.05). In contrast, soil pH tended to increase in
response to N addition in Capo Caccia UC, although no
significant differences among treatments were found
(Figure 2; p > 0.05). Inorganic N content significantly
increased along the N addition gradient in El Regajal (Table 3,
one-way ANOVA; F � 17.654; df � 3, p < 0.001), and a similar not

significant trend was showed in Arrábida. No other significant
differences in soil chemical properties among treatments were
found for any site (Table 3; p > 0.05).

Total fungal abundance was significantly lower in treated plots
than in control plots in Capo Caccia BS (Table 4, one-way
ANOVA; F � 9.458; df � 1, p < 0.022), whereas no differences
among treatments were observed for other variables related to the
microbial community for the other sites (Table 4; p > 0.05). No
differences between treatments were found in Capo Caccia BS or
Arrábida for soil EEA, whereas the activity of cellobiohydrolase
and glucosidase significantly increased with N addition in Capo
Caccia UC (Figure 3, one-way ANOVA; F � 12.800; df � 1, p <
0.012 and F � 10.198; df � 1 p < 0.019, respectively). The same
increase in response to N addition was found for
cellobiohydrolase in El Regajal (Figure 3, one-way ANOVA;
F � 3.740; df � 3, p < 0.031), although significant differences
were only found between 50 kg N ha−1 y−1 and the other three
treatments.

Generalized Linear Mixed Model
When analysing all sites together, we found that TBIk and TBIS
were not affected by the N treatments, but the model showed a
significant site effect. Besides, the interaction between treatments
and site was statistically significant for TBIS (Table 5). When
looking at the effect of N treatment and soil pH within each
experimental site, we found no significant effect of these factors
for TBIk or TBIS in El Regajal (Table 5). However, in Capo
Caccia BS, N treatments and interaction showed significant
effects for TBIk and TBIS (Table 5). In Capo Caccia UC, N
treatments, soil pH and their interaction significantly affected
TBIk, whereas no effects of these factors were found for TBIS in
this site (Table 5). In Arrábida site, we found significant effects of
the N treatments and the interaction between treatments and soil
pH for TBIS, whereas we detected no effect of these factors
on TBIk.

Correlations
In El Regajal no significant correlations were found between
TBIS and other soil variables, whereas TBIk showed a positive
correlation with organic C, C/N, EEA_first Axis, and F/B
ratio (Table 6). In Capo Caccia BS, we found no significant
correlations for TBIS, whereas TBIk resulted negatively
correlated with C/N ratio and EEA_first Axis (Table 6). In
Capo Caccia UC, we found a positive correlation between
TBIS and the EEA_first Axis, while the TBIk was positively

FIGURE 2 | Effect of nitrogen (N) addition on soil pH (means ± SE) in the
top 8 cm of the soil profile for each N treatment in El Regajal (Spain, n � 6),
Capo Caccia BS (Italy, n � 4), Capo Caccia UC (Italy, n � 4) and Arrábida
(Portugal, n � 3). Capo Caccia BS and UC indicate bare soil and under
canopymicrosites, respectively. Letters indicate significant differences among
N treatments within each site (p < 0.05, one-way ANOVA, post hoc LSD test).
The solid line indicates neutral pH.

TABLE 3 | Soil chemical properties (means ± SE) in the top 8 cm of the soil profile for each N treatment in El Regajal (Spain, n � 6), Capo Caccia (Italy, n � 4) and Arrábida
(Portugal, n � 3). Capo Caccia BS and Capo Caccia UC indicate bare soil and under canopy microsites, respectively. Statistical differences (one-way ANOVA, post hoc
LSD test) are highlighted in bold and letters indicate significant differences (p < 0.05) among N treatments within each site.

El Regajal Capo Caccia BS Capo Caccia UC Arrábida

Control 10N 20N 50N Control 30N Control 30N Control 40N 80N

Organic C (%) 3.07 ± 0.45 2.70 ± 0.49 2.62 ± 0.35 2.97 ± 0.45 3.71 ± 0.47 3.82 ± 0.57 4.07 ± 0.46 4.94 ± 0.33 1.72 ± 0.44 2.91 ± 0.86 1.82 ± 0.53
Total N (mg/g) 2.20 ± 0.37 1.68 ± 0.25 1.90 ± 0.25 2.09 ± 0.33 1.77 ± 0.17 1.84 ± 0.32 1.77 ± 0.07 2.07 ± 0.21 0.78 ± 0.17 1.42 ± 0.34 0.97 ± 0.34
Inorganic N (µg/g) 8.65 ± 1.24a 8.98 ± 1.41a 16.17 ± 2.09b 24.96 ± 3.02c 5.82 ± 0.41 5.66 ± 0.46 7.49 ± 1.30 7.46 ± 1.21 9.06 ± 3.37 15.02 ± 1.62 16.57 ± 5.14
Total P (mg/g) 0.25 ± 0.03 0.23 ± 0.02 0.25 ± 0.02 0.26 ± 0.02 0.22 ± 0.05 0.27 ± 0.03 0.25 ± 0.02 0.28 ± 0.03 0.10 ± 0.01 0.13 ± 0.02 0.10 ± 0.03
C/N 15.50 ± 2.22 16.15 ± 2.50 13.82 ± 0.49 14.62 ± 1.26 21.33 ± 1.84 21.12 ± 1.81 23.06 ± 2.70 24.78 ± 3.14 21.59 ± 1.12 20.12 ± 1.94 19.97 ± 5.04
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correlated with total N and inorganic N contents (Table 6). In
Arrábida, we found no significant correlations with TBIS,
whereas TBIk was negatively correlated with the F/B ratio
(Table 6). In addition in Capo Caccia BS, Capo Caccia UC
and Arrábida we found no significant correlation between pH
and the EEA, whereas in El Regajal soil pH resulted positively
correlated with xilosidase activity and negatively correlated

with leucine aminopeptidase, phosphatase activity
(Supplementary Table S2).

DISCUSSION

Results clearly highlight that N addition did not affect
decomposition in a consistent manner across the studied
experimental sites. Indeed, the effect of N deposition on
litter decomposition rates in the selected Mediterranean
areas was modulated by a number of site-dependent
ecosystem properties such as soil physical-chemical and
biological properties, community composition, and climatic
conditions. A larger number of sites would have probably
highlighted a general effect, but also likely with wide
confidence intervals and so of limited use for site specific
conservation or restoration practices. These results provide
further knowledge to understand contrasting ecosystem
responses to N additions based on single field experiments.
This will contribute to the establishment of suitable
environmental policies and restoration actions to protect
threatened Mediterranean areas according to their
vulnerability to N deposition, which will depend on these
site-dependent ecosystem properties. If we are able to
pinpoint what ecosystem characteristics make it more prone
to being disrupted by N pollution, policy makers and
stakeholders will have the opportunity to dictate particular
restoration policies and restoration actions to protect this
especially vulnerable areas.

Context-dependent Impacts of N on Soil
Chemical and Biological Properties
When studying the response of soil chemical properties to
increased N addition in each experimental site, we observed
that inorganic N was significantly increased in a dose-
dependent manner by fertilization in El Regajal, a similar
trend was found in Arrábida although not significant,
whereas no effect was reported in Capo Caccia (Table 3).
These results could be in part reflecting the different
temporal extent of the treatment in each experimental site,
which led to accumulating higher inorganic N in the soils
amended with N addition for longer periods: El Regajal and

TABLE 4 | Soil microbial community (means ± SE) in the top 8 cm of the soil profile for each N treatment in El Regajal (Spain, n � 6), Capo Caccia BS (Italy, n � 4), Capo Caccia
UC (Italy, n � 4) and Arrábida (Portugal, n � 3). Capo Caccia BS and Capo Caccia UC indicate bare soil and under canopy microsites, respectively. Statistical differences
(one-way ANOVA, post hoc LSD test) are highlighted in bold and letters indicate significant differences (p < 0.05) among N treatments within each site.

El Regajal Capo Caccia BS Capo Caccia UC Arrábida

(N. of gene copies
g−1 soil)

Control 10N 20N 50N Control 30N Control 30N Control 40N 80N

Total bacteria (log10) 11.51 ± 0.22 12.05 ± 0.31 12.68 ± 1.06 11.44 ± 0.68 12.48 ± 1.04 10.98 ± 0.15 11.05 ± 0.05 10.72 ± 0.22 11.24 ± 0.13 11.06 ± 0.36 10.70 ± 0.51
Nitrifiers bacteria (log10) 5.35 ± 0.09 5.22 ± 0.18 5.23 ± 0.10 5.49 ± 0.09 5.15 ± 0.03 5.05 ± 0.03 5.19 ± 0.05 5.18 ± 0.06 5.22 ± 0.05 5.29 ± 0.10 5.17 ± 0.02
Nitrifiers archaea (log10) 7.27 ± 0.12 7.50 ± 0.16 7.47 ± 0.16 7.07 ± 0.30 6.78 ± 0.14 6.80 ± 0.14 6.61 ± 0.07 6.44 ± 0.18 5.91 ± 0.07 5.67 ± 0.18 6.12 ± 0.23
Total fungi (log10) 6.75 ± 0.03 7.17 ± 0.21 6.96 ± 0.45 7.31 ± 0.35 7.27 ± 0.13a 6.43 ± 0.24b 8.05 ± 0.14 7.66 ± 0.16 8.60 ± 0.48 8.01 ± 0.07 7.77 ± 0.59
F/B 0.58 ± 0.02 0.65 ± 0.05 0.56 ± 0.04 0.66 ± 0.07 0.59 ± 0.05 0.59 ± 0.02 0.73 ± 0.009 0.71 ± 0.004 0.76 ± 0.04 0.73 ± 0.02 0.73 ± 0.05

FIGURE 3 | Soil extracellular enzymatic activity (EEA, means ± SE) for
each N treatment in El Regajal (Spain, n � 6), Capo Caccia BS (Italy, n � 4),
Capo Caccia UC (Italy, n � 4) and Arrábida (Portugal, n � 3). Capo Caccia BS
and UC indicate bare soil and under canopy microsites, respectively.
Letters indicate significant differences among N treatments within each site
(p < 0.05, one-way ANOVA, post hoc LSD test). Soil EEA showed are
respectively: cellobiohydrolase (Cell), glucosidase (Glus), glucoronidase (Glur),
xilosidase (Xilo), N-acetyl glucosaminidase (NaGl), Leucine Aminopeptidase
(LeAm), phosphatase (Phos).
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TABLE 5 | Results of the generalized linear mixed models (GLMMs). In All Sites (n � 13) the GLMMs accounts for the interaction between treatments and Sites as fixed
factors, the pH as covariate and the experimental designs of all sites were included as random factors on the decomposition rate (TBIk) and stabilisation factor (TBIS)
response. Capo Caccia BS and Capo Caccia UC indicate bare soil and under canopymicrosites, respectively. In El Regajal (Spain, n � 6), Capo Caccia BS (Italy, n � 4), Capo
Caccia UC (Italy, n � 4), and Arrábida (Portugal, n � 3), the GLMMs accounts for the interaction between treatments and pH as fixed factors while the respective experimental
designs were included as random factors on TBIk and TBIS response. Statistical differences are indicated as *p < 0.05, **p < 0.01, and ***p < 0.001 and are highlighted in
bold. Ɨ is used to designate a value with p ≤ 0.1.

TBIk TBIS

numDF denDF F Value p value numDF denDF F Value p value

All Sites
treatments 6 28.73 0.54 0.77 6 42.67 1.37 0.14
Site 3 23.19 3.89* <0.05 3 45.95 9.19** <0.01
treatments * Site 1 18.63 0.56 0.46 1 40.62 8.37*** <0.001
El Regajal
treatments 3 19.58 1.05 0.39 3 24 1.68 0.19
pH 1 12.53 3.29Ɨ 0.09 1 24 1.33 0.26
treatments * pH 3 19.51 1.11 0.37 3 24 1.56 0.22
Capo Caccia BS
treatments 1 8 6.72* <0.05 1 4.01 34.10* <0.05
pH 1 8 1.97 0.19 1 4.01 0.28 0.62
treatments * pH 1 8 6.47* <0.05 1 4.01 36.40** <0.01
Capo Caccia UC
treatments 1 8 48.28*** <0.001 1 4.46 0.02 0.88
pH 1 8 43.83*** <0.001 1 5.4 1.46 0.27
treatments * pH 1 8 49.03*** <0.001 1 4.61 0.11 0.75
Arrábida
treatments 2 9 1.24 0.33 2 7.37 7.13* <0.05
pH 1 9 1.98 0.19 1 8.77 0.05 0.83
treatments * pH 2 9 1.23 0.33 2 7.46 6.89* <0.05

TABLE 6 | Results of the Spearman’s rho tests between the decomposition rate (TBIk) and stabilisation factor (TBIS) and the studied variables in El Regajal (Spain, n � 24),
Capo Caccia BS (Italy, n � 8), Capo Caccia UC (Italy, n � 8) and Arrábida (Portugal, n � 9). Capo Caccia BS and Capo Caccia UC indicate bare soil and under canopy
microsites. EEA and F/B stand for extracellular enzymatic activity and fungi to bacteria ratio, respectively. Statistical differences are indicated as *p < 0.05, **p < 0.01, and
***p < 0.001and are highlighted in bold. Ɨ is used to designate a correlation with p ≤ 0.1. The rho value (ρ) and the level of significance (p value) are shown for each correlation.

El Regajal Capo Caccia BS Capo Caccia UC Arrábida

ρ p- value ρ p- value ρ p- value ρ p- value

TBIk vs
Organic C (%) 0.58** <0.01 -0.4 0.33 0.03 0.95 0.37 0.33
Total N (mg/g) 0.39Ɨ 0.06 -0.17 0.69 0.82* <0.05 0.52 0.15
Inorganic N (µg/g) 0.29 0.17 0.53 0.17 0.79* <0.05 0.43 0.24
C/N 0.41* <0.05 -0.78* <0.05 -0.51 0.2 -0.06 0.89
Total P (mg/g) 0.1 0.65 -0.18 0.68 0.65Ɨ 0.08 0.42 0.26
pH -0.33 0.11 0.21 0.62 0.67Ɨ 0.07 -0.04 0.92
Aridity Index -0.19 0.37 -0.3 0.47 -0.35 0.39 -0.04 0.92
EEA (1st Axis) 0.49* <0.05 -0.71* <0.05 0.52 0.18 0.52 0.15
F/B 0.47* <0.05 0.45 0.27 0.32 0.45 -0.66Ɨ 0.05
Nitrifiers bacteria (log10) -0.13 0.53 0.67 0.7 0.54 0.17 0.55 0.13
Nitrifiers archea (log10) -0.07 0.75 -0.4 0.34 0.22 0.6 -0.45 0.23
TBIS vs
Organic C (%) 0.15 0.48 -0.34 0.42 0.27 0.52 0.54 0.13
Total N (mg/g) 0.07 0.75 0.11 0.79 0.53 0.17 0.24 0.53
Inorganic N (µg/g) 0.19 0.38 0.67Ɨ 0.07 0.46 0.25 -0.19 0.62
C/N 0.11 0.61 0.1 0.83 -0.12 0.78 0.77* <0.05
Total P (mg/g) -0.01 0.95 0.29 0.49 0.35 0.4 -0.05 0.89
pH -0.18 0.4 0.17 0.68 0.39 0.34 -0.05 0.9
Aridity Index -0.03 0.88 -0.2 0.64 -0.04 0.92 0.28 0.46
EEA (1st Axis) 0.1 0.64 0.41 0.31 0.96*** <0.001 0.31 0.41
F/B -0.11 0.61 -0.05 0.9 -0.34 0.41 -0.56 0.12
Nitrifiers bacteria (log10) -0.23 0.29 0.27 0.53 0.12 0.77 0.35 0.93
Nitrifiers archea (log10) -0.18 0.41 0.1 0.83 -0.52 0.2 -0.62 0.77
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Arrábida were treated for 8 years, whereas Capo Caccia was
treated only for 3 years (Table 1). On the other hand, these
results could also be due to the fact that a unique soil sampling
was performed to reveal soil N accumulation, which may have
hidden temporal patterns potentially indicating increased soil
N accumulation that could have arisen when performing more
exhaustive soil samplings.

Fungi are particularly sensitive to fertilization and have been
found to be the group of microorganisms most affected by
increased N availability (Nilsson and Wallander, 2003;
Högberg, 2006; Demoling et al., 2008). Accordingly, it has
been reported that fungal biomass decreases with increasing
nutrients in natural nutrient gradients in forests (Pennanen
et al., 1999; Högberg et al., 2003, 2007), whereas bacteria did
not significantly respond to N fertilization in a meta-analysis
accounting for 82 field studies (Treseder, 2008). In our study, only
total fungi in Capo Caccia BS were significantly reduced by N
addition, despite we analyzed a comprehensive set of variables
related to the microbial community. Conversely, several studies
have observed that the long-term application of N fertilizer can
have a positive (He et al., 2007; Shen et al., 2008; Tian et al., 2014)
or negative effects (Xu et al., 2012) on the AOA and AOB
abundance. This lack of consistency in the microbial
responses to N inputs has been reported in other studies
(Demoling et al., 2008; Fierer et al., 2012), suggesting that N
fertilization on soil microbial diversity is likely site-
dependent as well. On the other hand, it is also possible
that the observed marginal effect of N addition on the
microbial community could be associated to ecosystem N
saturation. This potential N-overload may have saturated the
ecosystem, disabling it to respond to more N. Thus, the long-
term N deposition may induce a nutrient imbalance which
interfere with ecosystem functions (Aber et al., 1998), such as
microbial resource balance.

Increased N availability has been shown to affect the soil
enzymatic functioning in a number of studies in a consistent
direction. We found that the unique EEA responding to soil
fertilization were cellobiohydrolase in El Regajal and Capo
Caccia UC and b-glucosidase in Capo Caccia UC. Previous
studies reported that the effects of N availability on EEA were
enzyme-specific (Chen et al., 2013). Increased N availability
stimulated cellulose-degrading enzymes such as
cellobiohydrolase in several previous reports (Sinsabaugh
et al., 2002; Frey et al., 2004). Other studies observed that
N addition reduced leucine aminopeptidase activity
(Sinsabaugh and Moorhead, 1994) and increased
b-glucosidase activity (Chen et al., 2013). A possible
explanation for the discrepancy is that different litter
quality and quantity may lead to the different behavior of
hydrolytic enzyme activities (Katsalirou et al., 2010). Also,
Tischer et al. (2014) observed that b-glucosidase and
cellobiohydrolase activities are related to abiotic factors
controlling microbial biomass such as soil pH, N, and P
availability, and climate condition (Vourlitis et al., 2021)
which dramatically differed among our experimental sites.
However, based on data, we can rule out the possibility of pH

having a role on these enzymatic activities in our experimental
sites (Supplementary Table S2).

Role of Soil pH in Mediating N Effects on
Litter Decomposition
Earlier studies reported that soil acidification under increased
N deposition is a common consequence of environmental
pollution (Bobbink et al., 2003; Oulehle et al., 2008)
resulting from indirect processes, such as nitrification.
However, we only found a significant reduction of soil pH
as a result of N addition in Capo Caccia BS, and this not
significant trend also emerged in El Regajal. In contrast, we
found a significant increase of soil pH responding to N
addition in Arrábida. The contrasting results reported in
this site for soil pH could be explained by the high levels of
carbonates and bicarbonates found in the calcareous soil
featured by this site (Table 1), which is typical from the
Mediterranean regions (Dias et al., 2014).

The results of GLMM showed that N addition had no
significant effect on decomposition processes when looking at
all sites together whereas we found a significant effect of site,
supporting the relevance of the site-specificity. When testing the
effect of N addition, soil pH, and the interaction of both
variables within each experimental site, the GLMM revealed
contrasting results. This heterogeneity in the results can be
explained by the different response of the soil processes to the N
manipulation within each site due to their differences in soil
physical-chemical properties as soil pH (Knorr et al., 2005;
Vourlitis and Zorba, 2007; Hayakawa et al., 2014), and climatic
conditions as aridity (Coùteaux et al., 1995; Aerts, 1997).
Unfortunately, in our dataset aridity covaries with soil pH
and total N so that the relative importance of climate and
soil characteristics cannot be teased apart. It should be also
reminded that above-ground community composition may
have played a role (Ochoa-Hueso et al., 2019).

Soil pH could also be mediating the effect of N supply on the
microbial community. Nitrogen addition reduced soil pH in
Capo Caccia BS, which may have contributed to a decrease in
the total fungi community in this site responding to N. Nitrogen
pollution can cause soil acidification resulting in the mobilization
of mineral aluminum (Vitousek et al., 1997; Aber et al., 1998) and
changes in calcium and magnesium availability (Lucas et al.,
2011). As a result, the soil microbial communities may become
calcium or magnesium-limited or be indirectly affected by the
aluminum toxicity. Furthermore, the increase in ions such as H+

and NH4
+ due to N pollution could change the osmotic potentials

in soil solution (Broadbent, 1965), which may directly poison the
soil microbes (Kuperman and Edwards, 1997). Despite that N
exceedance was not explicitly proved in our experimental sites,
this is a plausible explanation for our findings.

Surprisingly, we found no relationship when analysing the
correlations between pH and decomposition indexes
(Table 6). Our results may not seem to be in line with most
of the literature, which often reports a positive relationship
between soil pH and decomposition rates because most of the
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studies have been performed in ecosystems with lower soil
pH ranges (e.g., Condron et al., 1993; Motavalli et al.,
1995) than those reported in our study. The relationship
between soil pH and decomposition may differ depending
on the soil pH values: at acidic pH the decomposition is
slower with respect to soils with neutral pH; hence, in
these margins, the relationship would be positive. This is
an interesting finding that calls attention to the value
ranges of pH. Besides, it is worth noting that we do not
measure native litter decomposition but the TBI which
allows to compare the potential decomposition rates of
different sites due to soil bio-chemical properties, while
eliminating the potential differences due to different litter
qualities.

Role of Local Climatic Conditions as Drivers
of the Ecosystem Responses to N Additions
Another key factor determining the differences in the TBIk
and TBIS values among sites could be the local specific climatic
conditions (Zhang et al., 2008). The experimental sites differ in
terms of AI index values (Table 2), highlighting an important
variability in soil temperature, humidity, and
evapotranspiration during the studied decomposition
period. Several studies have endorsed the ability of these
climatic factors in regulating decomposition (Dyer et al.,
1990; Aerts, 1997; O’Neill et al., 2003), indeed water
availability becomes a relevant factor in determining litter
decomposition in semi-arid regions where water is the main
limiting factor (Coùteaux et al., 1995). Even if soil moisture
measurements are a more accurate method, the calculated AI
could explain the higher TBIk values found in Arrábida
compared to the other two sites (Table 2) since this is the
site least constrained by water (Tables 1, 2).

CONCLUSION

Our study provides further knowledge to understand
contrasting ecosystem responses to N addition close to
forecasted depositions. Our findings suggest that N effects
on litter decomposition in very nutrient-poor ecosystems as
Mediterranean shrublands depends on ecosystem local
conditions, with responses that can be positive, negative, or
null. Despite we performed an exhaustive analysis we cannot
exclude the possibility of hidden patterns potentially showed
by other interpretations of the results. Other soil variables,
both biotic and abiotic, showed similar idiosyncratic responses
to N addition, with soil pH being affected only in two out of
three experimental sites. In the same line, no common pattern
for litter decomposition process or other studied variables
emerged among the control plots of the study sites. Such a
high unpredictability determines a proportional uncertainty
on the vulnerability of Mediterranean ecosystems at present
and future N deposition rates. Our results demonstrate that
responses of soil functioning to N deposition are site-
dependent in Mediterranean areas, which contributes to

explain the link between ecosystem local conditions and
ecological impacts of the effect of N deposition.
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