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Abstract

This study aimed to assess the long-term effects of nitrogen (N) addition on

recruitment, growth, survival, and physiological responses in Quercus ilex and

Phillyrea latifolia, two codominant species typical in the Mediterranean forests.

Here, we present a 9-year N addition experiment (20 kg N ha−1 year−1,

δ15N-enriched) in an N-limited, drought-prone Mediterranean forest. We show

that Q. ilex recruitment increased 19-fold under N addition, whereas

P. latifolia recruitment declined sixfold. In the denser forest stands, N addition

under no water stress increased the total basal area for both species, with

greater increments for Q. ilex with a 32% growth increase. Survival analyses

revealed a size-dependent mortality risk, with smaller stems exhibiting

13-fold (for Q. ilex) and twofold (for P. latifolia) higher mortality rates, yet

independent of N addition. Physiologically, under N addition both species

increased their photosynthetic potential but Q. ilex experienced a signifi-

cant decline in leaf water potential, suggesting increased vulnerability to

hydraulic failure. Foliar δ15N enrichment was observed only under high

water availability, indicating enhanced N uptake efficiency under these

conditions. These findings suggest that N addition might shift species composi-

tion in Mediterranean forests, favoring Q. ilex but increasing its physiological

stress under projected aridification. Our results highlight species-specific

effects of N addition and water stress, which should be prioritized to inform

adaptive forest management.
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INTRODUCTION

Nitrogen (N) is a crucial element influencing the struc-
ture and functioning of natural ecosystems. However,

human activities have drastically altered the global
N cycle, leading to increased atmospheric N deposition
(Galloway et al., 2004). This deposition includes both
inorganic and organic forms, with inorganic
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N accounting for approximately 70%–80% of total deposi-
tion and projected to remain the largest contributor glob-
ally in the future (Kanakidou et al., 2016). By 2015,
approximately 62% of European ecosystems were at risk
due to excessive N deposition, with Spain being particu-
larly affected, where 97% of ecosystems were threatened
(Slootweg et al., 2015). However, recent policy measures
have led to a decline in N deposition in some regions
(Mason et al., 2022; Schmitz et al., 2023). Nonetheless,
despite these regional differences, global N emissions
remain above preindustrial levels (Olff et al., 2022), with
their distribution continuing to be highly heterogeneous
worldwide (Ackerman et al., 2019).

For ecosystems with lower N levels, increases in
deposition could have greater impacts than in those
already saturated (Stevens et al., 2010). In Mediterranean
forests, N availability is often a limiting factor for primary
productivity (Rodà et al., 1999; Vallicrosa et al., 2021).
Even so, robust data on N deposition and its effect on for-
est structure in the Mediterranean region, and particularly
in Spain, remain limited. In northeastern Spain, a study by
Avila et al. (2017) showed deposition rates in holm oak
forests ranging from 20 to 23 kg N ha−1 year−1, thus
exceeding the critical loads proposed for these
sclerophyllous forests of 15–17 kg N ha−1 year−1 (Bobbink
et al., 2010). This chronic N input can have potential
long-term impacts on soil chemistry and plant nutrient
balances (Peñuelas et al., 2020), induce shifts in plant
demographic parameters (Fusaro et al., 2017; Thomas
et al., 2010), soil microbiomes (Gao et al., 2015), and spe-
cies interactions (Zhang et al., 2018).

Changes in N-related soil enzyme activity and leaf N
have shown disparities between control and drought
treatments (Ogaya & Peñuelas, 2008; Sardans &
Peñuelas, 2005), which unveils one of the most critical
aspects of N deposition in these Mediterranean forests, its
interaction with water stress. Given that these ecosystems
are already prone to seasonal droughts and increasing
aridity due to climate change (Beguería et al., 2025;
Carvalho et al., 2022), understanding how N enrichment
interacts with water availability is essential for predicting
future forest responses. Changes in N deposition
interacting with water stress can alter plant nutrient
uptake and allocation (Zhao et al., 2024), alleviate
drought effects on steppe productivity (Luo et al., 2024),
and affect physiological responses such as stomatal con-
ductance (Fusaro et al., 2017), photosynthetic efficiency
(Wang et al., 2024), or plant hydraulic traits (Yu
et al., 2022). Moreover, recent meta-analyses revealed
that young forests respond more strongly to N addition,
underscoring the importance of long-term studies, as
most N addition experiments rely heavily on short-term
data from seedlings and young trees (Schulte-Uebbing &

de Vries, 2018). Another meta-analysis revealed a correla-
tion between N addition effects on plant biomass and the
duration of N addition, again emphasizing the need for
long-term experiments (Feng, Guo, et al., 2023; Feng,
Wang, et al., 2023).

Quercus ilex and Phillyrea latifolia are two dominant
species in Mediterranean forests, each exhibiting distinct
physiological responses to drought and N addition
(Ogaya & Peñuelas, 2021; Vallicrosa et al., 2021). Q. ilex is
a dominant species in most Mediterranean and Catalan
forests. It is a slow-growing, drought-resistant evergreen
tree that relies on deep roots to access water but has a high
susceptibility to cavitation during prolonged droughts
(Castell et al., 1994; Martínez-Vilalta et al., 2002). Under N
addition, Q. ilex biomass exhibited unbalanced increases of
approximately 50% in leaves and stems and only 25% in
roots. Moreover, increases in stomatal conductance rela-
tive to drought treatment were also documented (Fusaro
et al., 2017). These factors may enhance its competitive
ability but also increase its vulnerability to water stress
due to altered leaf-to-sapwood ratios (Meyer-Grünefeldt
et al., 2015). Additionally, the combined effect of N addi-
tion and water stress has shown significant changes in
xylem growth (Yu et al., 2022) and photosynthesis trends
(Wang et al., 2024) of other Quercus species.

In contrast, P. latifolia, a tall shrub frequently found
alongside holm oak forests, adopts a more opportunistic
growth strategy and has demonstrated greater drought
resistance (Ogaya & Peñuelas, 2006, 2021). However,
N experiments are lacking for this species. Recently, a study
in the Prades Mountains, Catalonia, described short-term
impacts of N addition on leaf and leaf litter chemical con-
centrations in P. latifolia and Q. ilex. Vallicrosa et al. (2021)
concluded that the system was N-limited and that species
responses, although similar, differed in magnitude.
Nonetheless, robust knowledge regarding the long-term
effects of N addition on ecophysiological traits and demo-
graphic parameters for both species remains limited.

This study aims to address the knowledge gap regard-
ing the long-term effects of N addition on the dynamics of
a well-established Mediterranean forest by studying
the dynamics of the two dominant species, Q. ilex and
P. latifolia. By conducting a 9-year N addition experiment,
we investigate how chronic N deposition might affect
growth, recruitment, and survival rates of both species and
how these effects interact with climate variability and for-
est structure. Since our study site is N-limited (Vallicrosa
et al., 2021), we hypothesize that N addition will differen-
tially enhance Q. ilex and P. latifolia population dynamics,
potentially altering competitive dynamics and forest com-
position over time. Understanding these processes is essen-
tial for predicting the resilience of Mediterranean forests
under future global change scenarios.
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MATERIALS AND METHODS

Study site

The study was carried out on a south-facing slope (25%)
at an elevation of 950 m above sea level in a
Mediterranean holm oak forest in the Prades Mountains,
southern Catalonia, northeast of the Iberian Peninsula
(41�210 N, 1�20 E). The soil profile ranges from 35 to
90 cm in depth and comprises Dystric Cambisol devel-
oped over Paleozoic schist. The site experiences a typical
Mediterranean climate, with an average annual tempera-
ture of 12.7�C and an average annual precipitation of
619.9 mm during the study period (2014–2023), with
summer months being the driest and hottest.

The complex orography of the site results in
contrasting levels of water availability, leading to the
development of two types of forest stands (Ogaya
et al., 2020). The first type is characterized by high stem
density (19,017 stems ha−1) and tree heights ranging
from 3 to 4 m, referred to as “low-tree stands.” In these
stands, both Q. ilex and P. latifolia dominate, with a
slightly higher stem density of P. latifolia. The second
type, labeled “high-tree stands,” has a lower tree density
(10,717 stems ha−1) and tree heights ranging from 8 to
10 m, where Q. ilex predominates over P. latifolia.

Experimental design

Since inorganic N deposition (NHx and NOy) represents the
large majority of total reactive N deposition globally, and
because inorganic N is generally more spatially consistent,
and more directly linked to anthropogenic emissions
(Kanakidou et al., 2016), our experiment focused on the
addition of inorganic N (NH4NO3) rather than organic N
forms.

The experimental setup involved the random selection
of eight plots (15 × 10 m), which included both low- and
high-tree stands. Plots were separated by a minimum dis-
tance of approximately 5 m, including a 2-m buffer around
each plot to reduce edge effects and maintain spatial inde-
pendence. Control plots were randomly distributed along a
similar elevation band, whereas fertilized plots were
installed in a lower elevation band to prevent any potential
transfer of N to controls via runoff or leaching. This
arrangement helped ensure adequate separation among
plots and preserved treatment independence.

Four plots received the N addition treatment (two in
low-tree stands and two in high-tree stands), while the
remaining four served as untreated controls, receiving
the natural deposition of the area (two in low-tree stands
and two in high-tree stands). Since 2015, a total N

addition of 60 kg N ha−1 was applied every three years
until 2023, at a rate of 15 kg N ha−1 during each annual
season (20 kg N ha−1 year−1). N was applied as a solution
of ammonium nitrate (NH4NO3) using a sprayer. This
solution consisted of 90% nonenriched NH4NO3 and 10%
15N-enriched NH4NO3 (Sigma–Aldrich, St. Louis, MO,
USA). The 60 kg N ha−1 dose aimed to assess the forest’s
sensitivity to N additions. The N addition was conducted
on three separate days per season (5 kg N ha−1 each day),
with at least one week between applications. The solution
was sprayed uniformly over the canopy after accessing
the uppermost tree in each plot.

An automatic meteorological station installed at the
study site has monitored temperature and precipi-
tation since 2014. Using this data, the standardized
precipitation-evapotranspiration index (SPEI) was calcu-
lated with R software (version 4.4.1) and the R package
SPEI (version 1.8.1) (Vicente-Serrano & Beguería,
2023). The SPEI was chosen among other well-
supported indices due to its multiscalar nature and
capacity to include the effects of temperature variabil-
ity on drought (Vicente-Serrano et al., 2010). This
index essentially represents a water balance by calcu-
lating precipitation minus evapotranspiration and can
be aggregated at different time scales. In this study,
four different time aggregation periods (3, 6, 12, and
24 months) for each season were computed and tested
in our growth and survival models.

Growth, recruitment, and mortality
measures

For growth monitoring, all stems exceeding 2 cm in
diameter were marked and identified in each plot. Each
year, new stems that met these conditions were also con-
sidered and marked for the recruitment analysis. Using a
metric tape, the circumference of all marked stems was
measured annually, at 50-cm height during winter from
2014 to 2023. Each year, the basal area per plot was cal-
culated by assuming each stem section as circumference.
Growth was estimated as the basal area increment (BAI)
of each plot per year. To avoid any initial sampling effect,
growth was assessed following Equation (1):

BAI¼BAt −BAt− 1

BAt− 1
ð1Þ

where BAI is the increment in basal area; BAt−1 is the
basal area from the previous year; and BAt refers to the
basal area from the current year. Additionally, to study the
effect of the treatment on young and older trees, stems
were classified into two categories based on their diameter
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at the beginning of the experiment: small stems (below the
species median; Q. ilex = 6.5 cm, P. latifolia = 3.5 cm) and
large stems (above the species median).

In parallel, each winter, as individuals were mea-
sured, a visual assessment of their greenness status was
conducted to monitor mortality rates. Since both species
are evergreen, trees with green leaves were recorded as
living, whereas those without green leaves were recorded
as dead. Records were maintained for stems that died
within each year of observation.

Leaf isotopes, leaf water potential, and
photosynthetic potential

We studied Q. ilex leaves’ carbon (C) and N concentra-
tions, along with δ13C and δ15N isotopic composition,
over four different years (2014, 2015, 2018, 2021).
Pretreatment values from 2014 served as correction fac-
tors. Five replicates per plot and season (spring, sum-
mer, fall) were collected, sampling only sun-exposed,
south-oriented leaves to minimize age and orientation
effects. Seasonal 3-month aggregated SPEIs were also
computed for later modeling.

After collection, leaf samples were oven-dried (60�C,
72 h) and ground in a ball mill MM400 (Retsch GmbH,
Haan, Germany) for biomass measurement. C, δ13C, N, and
δ15N concentrations were determined by continuous-flow
isotope ratio mass spectrometry (CF-IRMS) (Preston &
Owens, 1983) with a Sercon Hydra 20–22 (Sercon, UK) sta-
ble isotope ratio mass spectrometer, coupled to a EuroEA
(EuroVector, Italy) elemental analyzer for online sample
preparation by Dumas combustion.

Midday leaf water potential (LWP) was measured in
situ using a Scholander-type pressure chamber (PMS
Instrument, Albany, OR, USA) from 2014 to 2023. One
sample per species, plot (only low-tree stands), year, and
season was collected. Also, from 2014 to 2023, maximum
photochemical efficiency of photosystem II (Fv/Fm) was
measured in two individuals (five measurements per
individual) per plot (only low-tree stands), year, and sea-
son after 30 min of dark adaptation using a portable
MINI-PAM analyzer (Walz, Effeltrich, Germany).

Statistical analyses

Demographic analyses: Growth, survival, and
recruitment

Linear and generalized mixed models (LMM, GLMM)
were used to account for repeated BAI and recruitment
measures and the hierarchical structure of the data.
Fixed effects included treatment, species, SPEI, tree size,

forest stand, and their interactions. Year and plot were
included as random effects to address temporal and spa-
tial autocorrelation.

Residual diagnostics indicated that BAI could be appro-
priately analyzed using a LMM with Gaussian errors. Only
stems alive at both the start and end of the experiment were
included. Model selection followed an Akaike information
criterion (AIC)-based backward stepwise approach, starting
from a full model with all fixed effects and biologically
meaningful interactions and progressively removing non-
significant terms. The random-effect structure was kept
constant across all candidate models.

For the recruitment study, 43 new stems were recorded
within treatments and species. Since new individuals were
not always registered in all the plots along the years, data
showed an excess of zeros and overdispersion. A
zero-inflated Poisson GLMM was therefore selected as the
most appropriate model. As with BAI, model selection was
based on AIC and followed a backward stepwise procedure
applied to the fixed-effect structure.

Survival analyses were conducted using data from
1522 individuals (849 for Q. ilex and 673 for P. latifolia).
Because the fate of stems alive at the last census is
unknown, mixed-effects Cox hazard models were applied
to account for right-censored data. This model is an
extension of the Cox hazard model that allows for
time-dependent variables to be used as predictors
through time-varying covariance effects specification
(random effects). Year, plot, and individual ID were
included as random factors to control for temporal and
spatial autocorrelation. Standardized coefficients (βstd)
were calculated and reported for LMMs of BAI to facili-
tate comparison of effect sizes among predictors mea-
sured on different scales. For recruitment and survival
models, effect sizes are presented as incidence rate ratios
(IRR) and hazard ratios (HR), respectively, which provide
directly interpretable and comparable measures.

The SPEI used in the models was selected by running
partial correlations between the different indices and the
growth/recruitment variables. For survival data, the best
SPEI was chosen by creating saturated models for each
candidate index and selecting the one with the lowest AIC.

Ecophysiological analyses: Leaf δ13C, δ15N, C,
N, LWP, and Fv/Fm

Statistically, differences in leaf isotopic composition
between treatments were assessed through LMM. Fixed
effects of the model also included SPEI, forest stand, and
its interactions with treatment. Likewise, differences in
LWP and Fv/Fm for both species and treatments were
studied via LMM. Other fixed effects of the model
included species, SPEI, and its interactions with the
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treatment variable. Year, plot, and season variables were
included in the models as random factors to account for
temporal and spatial autocorrelation.

Statistical software

All analyses were conducted using R software (R Core
Team, 2024, v 4.4.1). The “ppcor” package (Maintainer &
Kim, 2015) was used to run partial correlations between
SPEI and response variables. The package “glmmTMB”
(Brooks et al., 2024) was employed to construct GLMM
models, while the “survival” and “coxme” packages
(Therneau et al., 2024; Therneau & Clinic, 2024) were
used to fit survival curves and mixed Cox
hazard-probability models. Finally, the “performance”
(Lüdecke et al., 2021) and “survminer” (Kassambara
et al., 2024) packages were utilized for model validation.

RESULTS

Recruitment differences among N addition
treatments

Differences in recruitment patterns between species were
observed among treatments. New stems for both species
were recorded across different plots during the years of
study (Figure 1). Low-tree stands recorded a greater

number of new registrations, accounting for 79% of total
recruitments. For P. latifolia, N addition plots reduced
the number of new stems by sixfold compared with control
plots (β = −1.83, IRR = 0.16, p = 0.044). Conversely, while
Q. ilex generally had lower recruitment values than
P. latifolia (β = −2.15, IRR = 0.12, p = 0.044), recruitment
significantly increased under N addition, showing
19 times more recruitment than in control plots
(β = 2.94, IRR = 19.00, p = 0.017). Q. ilex not only
showed a higher recruitment rate compared to P. latifolia
in N-added plots but also had 2.3 times more recruitment
than P. latifolia in control plots, where P. latifolia was
dominant (Appendix S1: Table S1).

P. latifolia recruitment demonstrated a good correla-
tion with the 24-month aggregation SPEI of summer
(r = 0.31, p < 0.01), while Q. ilex exhibited correlations
below 0.1 (p < 0.05) with all SPEIs. However, when the
SPEI variable was included in the models, no significant
correlation with species recruitment or any interaction
with N addition treatment was found.

Variation in species’ growth among
N addition treatments

BAI was influenced by treatment, climatic conditions,
and species. A general mixed model, including both spe-
cies, indicated significant differences between the growth
of P. latifolia and Q. ilex within treatments (F = 4.26,

F I GURE 1 Recruitment of both species (P.l., Phillyrea latifolia; Q.i., Quercus ilex) along the study period between treatments (control

vs. nitrogen [N] addition) at the study site in the Prades Mountains, southern Catalonia.

ECOSPHERE 5 of 14

 21508925, 2026, 6, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecs2.70606 by Spanish C

ochrane N
ational Provision (M

inisterio de Sanidad), W
iley O

nline L
ibrary on [10/06/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



p < 0.05). Additionally, the interaction with climatic con-
ditions was significantly different for both species
(F = 7.64, p < 0.01).

When running separate models for each species, the
interaction between treatment, SPEI, and type of stand
had a positive significant effect on both species’ growth
(Appendix S1: Tables S2 and S3). This indicates that the
proportion at which basal area increases is greater in
the N-added low-tree stands under less water-stress con-
ditions (Figure 2). The interaction between N addition,
SPEI, and low-tree stands showed a significant positive
interaction for the growth of P. latifolia (βstd = 0.58,
p < 0.02). The size of the tree also played a role, as
smaller stems generally exhibited greater increases in
growth (βstd = 0.28, p < 0.02). For Q. ilex growth, the
model also explained a good proportion of variance
(R2 = 59.7%). The SPEI was an important and positive
predictor (βstd = 0.66, p < 0.001). Unlike P. latifolia,
larger stems had a greater increase in BAI than smaller
ones (βstd = −0.63, p < 0.001). The second-degree inter-
actions indicated that for larger stems, the positive effect
of SPEI on growth was more pronounced than for
smaller stems (βstd = −0.24, p < 0.05). N addition
displayed a significant increase in growth response for

Q. ilex in low-tree stands (βstd = 0.40, p < 0.05). The com-
bined effect of N addition, non-water-stress conditions,
and low-tree stands significantly positively affected
growth (βstd = 0.87, p < 0.001), resulting in a 32% greater
BAIs for those plots compared to control plots.

Survival analyses

First, we ran saturated Cox hazard mixed models to
determine which SPEI aggregation was the most explana-
tory among the different month aggregations and sea-
sonal indices. The 6 and 12-month aggregation SPEIs in
summer emerged as the most explanatory indices for the
survival of Q. ilex and P. latifolia, respectively; however,
the SPEI values showed marginal or no significant effects
in our Cox hazard mixed models for either species.

During the study period, we recorded 130 stem mor-
tality events for Q. ilex and only 34 for P. latifolia
(Figure 3). No significant effects related to N addition
were observed on the risk of mortality for either species
(p > 0.05); however, stem size significantly and positively
influenced mortality risk for both species. For Q. ilex,
smaller individuals faced a mortality risk more than

F I GURE 2 Annual basal area increment (BAI; mean ± SE) for each species (P.l., Phillyrea latifolia; Q.i., Quercus ilex) and stand (high

and low) under control (dashed lines) and nitrogen (N)-addition (solid lines) treatments, shown together with annual spring standardized

precipitation-evapotranspiration index (SPEI) values (bars). Red vertical lines indicate nitrogen-addition years.
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13 times greater than that of larger stems (β = 2.58,
p < 0.001). For P. latifolia, the effect was less pronounced
but still statistically significant, with smaller individuals
experiencing a mortality risk approximately twofold
higher than larger ones (β = 0.77, p < 0.05). In both spe-
cies’ models, the random effect of time suggested sub-
stantial variation over the years in mortality risk, while
the variances for plot and individual factors were lower.

Contrasting species-specific LWP under N
addition

Since both species are apparently showing different
responses in growth when competition, water availabil-
ity, and N addition interact, LWP in the low-tree stands
during the study period was also analyzed. Overall, com-
pared to P. latifolia, Q. ilex exhibited greater LWP under
control conditions (β = 0.15, p < 0.01). However, when N
was added, Q. ilex showed a significant drop in LWP
(β = −0.16, p < 0.05) (Appendix S1: Table S4).

Increased photosynthesis under N addition

Under N addition, both species experienced a signifi-
cant increase in their photosynthetic potential

(Fv/Fm) (β = 0.34, p < 0.01) with no significant
differences in their magnitude of change. Nonetheless,
the magnitude of this increment in Fv/Fm
varied between seasons, being most pronounced in
winter (β = 0.61, p < 0.01) and summer (β = 0.36,
p < 0.01) (Appendix S1: Table S5) than in autumn
(β = 0.25, p < 0.01) and spring (β = 0.12, p < 0.01).
The pronounced decrease in 2023 seen in Figure 4 is
explained by the drought conditions suffered during
this year.

Q. ilex foliar C, N, δ13C, and δ15N
concentrations

Our results showed no significant differences in
δ15N concentrations between stands under N addition.
However, a statistically significant positive inter-
action effect was observed between SPEI and N addi-
tion (β = 4.98, p < 0.01). Thus, under positive SPEI
values, N addition significantly increased δ15N levels.
Carbon isotope discrimination (δ13C) remained
unchanged. In contrast, leaves showed a decrease in C
content with higher SPEIs in N addition plots (β =

−0.77, p < 0.01). Leaf N percentage did not change
significantly among treatments, nor did the foliar C:N
ratio.

F I GURE 3 Kaplan–Meier survival curves for Phillyrea latifolia and Quercus ilex between stem size classes (large vs. small) and

treatments. N, nitrogen.
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DISCUSSION

Overall, our findings highlight the species-specific
responses in the interplay between N availability, cli-
matic conditions, and interspecific competition, linked to
their growth strategies and versatility, which can deter-
mine forest dynamics under changing environmental
conditions.

Recruitment under N addition

Both species proved to be effective resprouters
(El Omari et al., 2003; Nefzi et al., 2023). The 19-fold
increase in Q. ilex recruitment under N addition may
suggest that this species, despite its conservative
growth strategy, becomes highly competitive when
N availability increases. In contrast, the significant
decline in P. latifolia recruitment under N addition
likely reflects increased competitive pressure from
Q. ilex. Moreover, the correlation between P. latifolia
recruitment and summer SPEI indicates that this spe-
cies is more responsive to water availability, whereas

Q. ilex recruitment appears constrained by nutrient
availability and its interaction with water stress. These
findings highlight how N enrichment can shift compet-
itive dynamics between these species, seemingly favor-
ing Q. ilex. This aligns with Callahan et al. (2008),
whose experiments revealed that flowers and fruits
from certain Quercus species were significantly more
abundant in N-treated plots.

Additionally, the potential influence of N-induced
changes in soil microbiota and mycorrhizal associations
needs further investigation, as these could affect nutrient
absorption differentially for both species.

Growth responses to N addition and
climatic conditions

We also found species-specific growth responses to
N addition that were modulated by the interaction
between water availability and forest stand structure.
Particularly, the growth of Q. ilex exhibited a 32% incr-
ease under these conditions when compared with the
control plots, emphasizing its higher sensitivity to

F I GURE 4 Leaf water potential (LWP) and maximum photochemical efficiency of photosystem II (PSII, Fv/Fm) for Phillyrea latifolia

(P.l.) and Quercus ilex (Q.i.) under control and nitrogen (N)-addition treatments. Values represent annual means ± SE. Red vertical lines

indicate nitrogen-addition years.
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drought stress and nutrient limitation (Ogaya &
Peñuelas, 2021). The fact that growth of Q. ilex was more
strongly associated with the annual SPEI during spring,
whereas P. latifolia exhibited correlation to a more inte-
grative descriptor, the summer 2-year aggregated SPEI,
aligns with previous research on the phenological traits
and different drought resistance of these species in the
area. Specifically, Q. ilex undergoes key developmental
stages primarily in May, while P. latifolia follows a more
dispersed phenological pattern, with leaf flushing and
fruit development occurring at the beginning of summer
(Ogaya & Peñuelas, 2004).

Although specific N addition experiments on P. latifolia
growth are lacking, similar patterns for Quercus species
growth have been documented in other studies. For
instance, Callahan et al. (2008) reported that N addition
increased both the abundance and size of oak trees, ulti-
mately enhancing acorn production and species reproduc-
tion. These results are consistent with our findings,
particularly considering that their study site receives nearly
double the annual precipitation compared to our study area
(Minocha et al., 2020). Furthermore, Oliet et al. (2011)
found that fall fertilization on Q. ilex seedlings could signifi-
cantly enhance root growth potential by promoting earlier
development and increased aboveground biomass.

The competitive pressures experienced by both spe-
cies in denser and steeper stands (low-tree stands) high-
light similar responses to N addition when nutrient and
water availability become limiting factors. However, the
different magnitude of growth increases under N addition
may suggest shifts in competitive dynamics, promoting
Q. ilex in nutrient-rich, well-watered environments. These
observations are particularly relevant in Mediterranean for-
ests, where long-term effects of N addition remain uncer-
tain. Nonetheless, given the projected increases in aridity
due to climate change (Beguería et al., 2025; Carvalho
et al., 2022), the benefits of N addition in Mediterranean
forests should be carefully evaluated, considering not only
immediate growth responses but also long-term ecosystem
stability and resilience.

Mortality responses

In line with the growth analyses, mortality responses
showed differences according to species. In both cases,
species survival was better explained by summer SPEI,
although the mortality of P. latifolia was more closely
related to persistent water stress, underscoring its higher
drought resilience compared to Q. ilex (Ogaya &
Peñuelas, 2021).

The absence of a significant effect of N addition on
mortality aligns with findings from a prior study where

only 32 out of 71 tree species had significant relationships
between survival and N deposition, which suggested that
chronic N deposition might primarily influence growth
rather than mortality for the other species (Horn
et al., 2018). However, in the same study, for the species
affected by N deposition, a unimodal curve where the
survival rate increased to a peak before declining was
the most common response. This is particularly relevant
in N-limited Mediterranean ecosystems like ours
(Vallicrosa et al., 2021). Since Kaplan–Meier curves for
Q. ilex indicate a potential adverse effect of N addition
(Figure 3), these results highlight the need for continued
monitoring.

LWP differences and increased
photosynthetic potential (Fv/Fm)

Physiological differences between Q. ilex and P. latifolia
shape their responses to N addition. Q. ilex, with greater
xylem vessels, faces a higher risk of cavitation
(Martínez-Vilalta et al., 2002). Under N addition, Q. ilex
exhibited a statistically significant decline in LWP, con-
sistent with findings of reduced stomatal conductance
under combined N and drought stress (Fusaro
et al., 2017). On the other hand, there is limited informa-
tion regarding physiological changes under N addition
for P. latifolia. In fact, in this study, no significant differ-
ences were found for this species between treatments.

While N stress can reduce electron transport rate and
photosynthetic rate of plants (Mu & Chen, 2021), N addi-
tion often increases photosynthetic productivity and chlo-
rophyll fluorescence (Song et al., 2019). Our results align
with a recent short-term study reporting increased photo-
synthetic potential in both Q. ilex and P. latifolia under N
addition (Zuccarini et al., 2023), likely as a result of foliar
uptake of N, which is crucial for photosynthetic proteins
(Ouyang et al., 2018). This leads to higher photosynthetic
rates per leaf area. However, the effects of N addition on
photosynthesis may diminish over time, while impacts
on plant water use could be amplified (Liang et al., 2020).

The LWP drop in Q. ilex under N addition could be
linked to changes in the leaf area to sapwood area ratio
(Meyer-Grünefeldt et al., 2015). In previous studies,
Q. ilex have documented increases in leaf and stem bio-
mass of approximately 50% relative to controls under N
addition, while root biomass showed a roughly 25%
increase (Fusaro et al., 2017). A recent study with
Quercus acutissima found that N addition resulted in
larger early wood vessels, suggesting increased hydraulic
efficiency but a higher embolism risk (Yu et al., 2022).
Overall, these results suggest that while N addition may
promote vessel growth, it also exacerbates Q. ilex’s
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vulnerability to drought, a challenge that it already faces
in our drought-prone Mediterranean ecosystem (Ogaya &
Peñuelas, 2021).

Effects of N addition on Q. ilex foliar C, N,
δ13C, and δ15N

Although N addition did not alter δ15N levels between
stands, greater water availability significantly
increased leaf δ15N in the N addition plots, aligning
with reports of enhanced N uptake under higher mois-
ture (Zhao et al., 2024). Also, in a drought experiment
conducted in the same forest, leaf N concentrations for
both species decreased under drought conditions
(Sardans et al., 2020), and δ15N values were inversely
correlated with summer conditions (Ogaya &
Peñuelas, 2008). This suggests that soil moisture facili-
tates N acquisition and diffusion, promotes microbial
transformations, and improves root uptake efficiency,
ultimately leading to enhanced incorporation of
labeled N (δ15N) into the leaves.

Our long-term data confirmed no significant differ-
ences in δ13C leaf concentrations between treatments,
consistent with short-term findings (Vallicrosa
et al., 2021). Our findings suggest that, despite promot-
ing more negative LWP, N addition did not necessarily
enhance water use efficiency. A plausible explanation
is that N addition may have stimulated aerial biomass
growth more than roots (Feng, Guo, et al., 2023; Feng,
Wang, et al., 2023), resulting in increased canopy evap-
orative demands. Therefore, in this drought-prone for-
est, LWP may have declined because leaves were losing
water faster than roots could absorb from a soil with
limited water availability. The fact that photosynthetic
potential increased under N addition could explain the
lack of significant C isotope discrimination (δ13C)
change, since plants may not be closing their stomata
to perform photosynthesis while putting this species
under serious danger of cavitation under drought
conditions.

Conversely, in N addition plots under higher SPEI
values, leaf C percentage exhibited a significant decline.
Even though responses of nutrient resorption and alloca-
tion to N enrichment and drought have shown to be
highly species-specific (Zhao et al., 2020), this result may
indicate a change between leaf C structural and meta-
bolic investment, possibly due to increased allocation of
resources toward leaf biomass production under higher N
availability (Xing et al., 2021). Notably, leaf N and C:N
ratios remained unchanged, reinforcing the hypothesis
that increased transpiration demands offset potential
water use efficiency gains.

Species-specific responses and forest
structure implications

In this N-limited drought-prone Mediterranean forest,
P. latifolia is currently expanding at the expense of
Q. ilex, likely due to its greater competitive ability under
increasing aridity and a faster growth strategy (Ogaya
et al., 2020). However, N addition appears to enhance
Q. ilex recruitment and growth, potentially offsetting the
competitive disadvantage imposed by drought. This effect
is particularly evident in plots with high competition
(low-tree forest stands), where the interaction between N
and water availability plays a crucial role in promoting
Q. ilex establishment.

Recently, fertilization of temperate forests has been
proposed as a response to N limitation (Mason
et al., 2022; Zhang et al., 2023). However, historical use
of fertilizers has led to N excess, which has caused water-
way eutrophication (Bergström & Jansson, 2006), ele-
vated emissions of biogenic volatile organic compounds
(Llusià et al., 2022), and other climate-altering green-
house gases (Xie et al., 2018), alongside significant
changes in plant composition and community structure
(Fusaro et al., 2017). Therefore, while N fertilization
might provide a short-term advantage for Q. ilex by
enhancing its growth, recruitment, and photosynthetic
potential, the long-term suitability of this management
strategy remains contentious.

A global meta-analysis found that N addition gener-
ally led to increases in aboveground biomass worldwide,
though the magnitude of change varied among plant
functional groups (Feng, Guo, et al., 2023; Feng, Wang,
et al., 2023). Similarly, differences in biomass allocation
due to N addition are evident across forest types
(Schulte-Uebbing & de Vries, 2018) and species (Fusaro
et al., 2017). Our findings align with the previous studies
and show differing magnitudes of growth responses
between both species under N addition when water-stress
conditions are low. One possible explanation for the
observed responses in Q. ilex LWP is an increase in leaf
and aboveground production under N addition, leading
to more significant water deficits at the leaf extremities.
An experiment with Q. ilex seedlings illustrated that N
addition could substantially increase new leaf production
and biomass (Oliet et al., 2011).

Given that the positive effects of N addition are con-
tingent on favorable moisture conditions (Zhao
et al., 2024), its application in the context of global
change may be ineffective or even counterproductive.
Excess N can alter nutrient balances (Peñuelas &
Sardans, 2022), shift soil microbiota and its interactions
with plants (Wang et al., 2022; Yuan et al., 2023), or exac-
erbate competition with P. latifolia. Therefore, although

10 of 14 SABAT�E-GIL ET AL.

 21508925, 2026, 6, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecs2.70606 by Spanish C

ochrane N
ational Provision (M

inisterio de Sanidad), W
iley O

nline L
ibrary on [10/06/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



N enrichment may aid Q. ilex regeneration in specific
microsites, it should not be considered a broad-scale res-
toration tool, at least not without further assessment of
its ecological consequences under future climate change
scenarios.

Limitations and future research

Future research should address some existing limitations.
First, as N was applied in years when the SPEI was posi-
tive, assessing its effects under drought conditions could
provide more valuable insights into the interactions
between nutrient availability and water stress.
Additionally, while the nominal application rate was
20 kg N ha−1 year−1, the actual input was 60 kg N ha−1

every three years, which may have influenced the
observed responses. Further investigations should focus
on the broader effects of N addition on soil properties
and microbial communities, including potential shifts in
mycorrhizal associations. Another important avenue is to
determine whether Q. ilex has increased its photosyn-
thetic area under N enrichment, which could explain its
demographic parameters. Refining the approach by using
direct soil moisture measurements instead of SPEI may
improve the accuracy of water availability assessments,
thereby reducing interannual variability in survival
models. Finally, long-term monitoring remains essential,
as a larger dataset over time will enhance our under-
standing of the dynamic processes shaping
Mediterranean forest ecosystems under changing envi-
ronmental conditions.

CONCLUSIONS

This 9-year N addition experiment demonstrates that
chronic N deposition, coupled with water stress, exerts
species-specific effects on the recruitment, growth, and
physiology of Q. ilex and P. latifolia. Our findings high-
light that changes in N deposition can shift the competi-
tive dynamics favoring Q. ilex under increased nutrient
availability. However, coupled with water stress, N might
introduce physiological constraints that compromise the
long-term resilience of the species, while P. latifolia
maintains an advantage under these drier conditions.
The projected intensification of droughts in
Mediterranean regions makes understanding these inter-
actions critical for predicting future forest dynamics.
Overall, our results highlight that long-term studies
examining the interactive effects of varying N levels and
expected increases in aridity should be prioritized to
inform adaptive forest management.

ACKNOWLEDGMENTS
This research was funded by the Spanish Government
grants PID2021-128488OB-I00, PID2022-140808NB-I00,
and PID2024-162617NB-I00 funded by MICIU/AEI/
10.13039/501100011033 and FEDER, European Union;
and by the Catalan Government grants AGAUR2023
CLIMA 00118, and 2022 FISDUR 00366.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
Data (Sabaté-Gil et al., 2026) are available from CORA:
https://doi.org/10.34810/data2169.

ORCID
Cinta Sabaté-Gil https://orcid.org/0000-0002-4674-3710
Josep Peñuelas https://orcid.org/0000-0002-7215-0150

REFERENCES
Ackerman, D., D. B. Millet, and X. Chen. 2019. “Global Estimates

of Inorganic Nitrogen Deposition across Four Decades.”
Global Biogeochemical Cycles 33(1): 100–107. https://doi.org/
10.1029/2018GB005990.

Avila, A., L. Aguillaume, S. Izquieta-Rojano, H. García-G�omez,
D. Elustondo, J. M. Santamaría, and R. Alonso. 2017.
“Quantitative Study on Nitrogen Deposition and Canopy
Retention in Mediterranean Evergreen Forests.”
Environmental Science and Pollution Research 24(34):
26213–26. https://doi.org/10.1007/s11356-017-8861-4.

Beguería, S., V. Trullenque-Blanco, S. M. Vicente-Serrano, and J. C.
Gonz�alez-Hidalgo. 2025. “Aridity on the Rise: Spatial and
Temporal Shifts in Climate Aridity in Spain (1961–2020).”
International Journal of Climatology 45(6): e8775. https://doi.
org/10.1002/joc.8775.

Bergström, A. K., and M. Jansson. 2006. “Atmospheric Nitrogen
Deposition Has Caused Nitrogen Enrichment and Eutrophication
of Lakes in the Northern Hemisphere.” Global Change Biology
12(4): 635–643. https://doi.org/10.1111/J.1365-2486.2006.01129.X.

Bobbink, R., K. Hicks, J. Galloway, T. Spranger, R. Alkemade,
M. Ashmore, M. Bustamante, et al. 2010. “Global Assessment
of Nitrogen Deposition Effects on Terrestrial Plant Diversity: A
Synthesis.” Ecological Applications 20(1): 30–59. https://doi.
org/10.1890/08-1140.1.

Brooks, M., B. Bolker, K. Kristensen, M. Maechler, A. Magnusson,
M. McGillycuddy, H. Skaug, et al. 2024. “glmmTMB:
Generalized Linear Mixed Models using Template Model
Builder (1.1.10).” R Package. CRAN. https://CRAN.R-project.
org/package=glmmTMB.

Callahan, H. S., K. Del Fierro, A. E. Patterson, and H. Zafar. 2008.
“Impacts of Elevated Nitrogen Inputs on Oak Reproductive
and Seed Ecology.” Global Change Biology 14(2): 285–293.
https://doi.org/10.1111/j.1365-2486.2007.01483.x.

Carvalho, D., S. C. Pereira, R. Silva, and A. Rocha. 2022. “Aridity and
Desertification in the Mediterranean under EURO-CORDEX
Future Climate Change Scenarios.” Climatic Change 174(3–4):
28. https://doi.org/10.1007/s10584-022-03454-4.

ECOSPHERE 11 of 14

 21508925, 2026, 6, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecs2.70606 by Spanish C

ochrane N
ational Provision (M

inisterio de Sanidad), W
iley O

nline L
ibrary on [10/06/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.34810/data2169
https://orcid.org/0000-0002-4674-3710
https://orcid.org/0000-0002-4674-3710
https://orcid.org/0000-0002-7215-0150
https://orcid.org/0000-0002-7215-0150
https://doi.org/10.1029/2018GB005990
https://doi.org/10.1029/2018GB005990
https://doi.org/10.1007/s11356-017-8861-4
https://doi.org/10.1002/joc.8775
https://doi.org/10.1002/joc.8775
https://doi.org/10.1111/J.1365-2486.2006.01129.X
https://doi.org/10.1890/08-1140.1
https://doi.org/10.1890/08-1140.1
https://cran.r-project.org/package=glmmTMB
https://cran.r-project.org/package=glmmTMB
https://doi.org/10.1111/j.1365-2486.2007.01483.x
https://doi.org/10.1007/s10584-022-03454-4


Castell, C., J. Terradas, and J. D. Tenhunen. 1994. “Water
Relations, Gas Exchange, and Growth of Resprouts and
Mature Plant Shoots of Arbutus unedo L. and Quercus ilex L.”
Oecologia 98: 201–211.

El Omari, B., X. Aranda, D. Verdaguer, G. Pascual, and I. Fleck.
2003. “Resource Remobilization in Quercus ilex L. Resprouts.”
Plant and Soil 252: 349–357. https://doi.org/10.1023/A:
1024792206369.

Feng, H., J. Guo, C. Peng, D. Kneeshaw, G. Roberge, C. Pan, X. Ma,
D. Zhou, and W. Wang. 2023. “Nitrogen Addition Promotes
Terrestrial Plants to Allocate More Biomass to Aboveground
Organs: A Global Meta-Analysis.” Global Change Biology
29(14): 3970–89. https://doi.org/10.1111/gcb.16731.

Feng, J., D. Wang, J. Gao, Y. Hao, Z. Li, T. Wang, and S. Wan. 2023.
“Effects of Nitrogen Addition and Changing Precipitation on
Soil Heterotrophic Respiration in a Climate Transitional
Forest.” Plant and Soil 490(1–2): 485–497. https://doi.org/10.
1007/s11104-023-06096-2.

Fusaro, L., E. Salvatori, and F. Manes. 2017. “Effects of Nitrogen
Deposition, Drought and their Interaction, on Functional and
Structural Traits of Fraxinus ornus L. and Quercus ilex L.”
Plant Biosystems 151(1): 174–189. https://doi.org/10.1080/
11263504.2016.1193070.

Galloway, J. N., F. J. Dentener, D. G. Capone, E. W. Boyer, R. W.
Howarth, S. P. Seitzinger, G. P. Asner, et al. 2004. “Nitrogen
Cycles: Past, Present, and Future.” Biogeochemistry 70(2):
153–226. https://doi.org/10.1007/s10533-004-0370-0.

Gao, W., H. Yang, L. Kou, and S. Li. 2015. “Effects of Nitrogen
Deposition and Fertilization on N Transformations in Forest
Soils: A Review.” Journal of Soils and Sediments 15(4):
863–879. https://doi.org/10.1007/s11368-015-1064-z.

Horn, K. J., R. Quinn Thomas, C. M. Clark, L. H. Pardo, M. E. Fenn,
G. B. Lawrence, S. S. Perakis, et al. 2018. “Growth and Survival
Relationships of 71 Tree Species with Nitrogen and Sulfur
Deposition across the Conterminous U.S.” PLoS One 13(10):
e0205296. https://doi.org/10.1371/journal.pone.0205296.

Kanakidou, M., S. Myriokefalitakis, N. Daskalakis, G. Fanourgakis,
A. Nenes, A. R. Baker, K. Tsigaridis, and N. Mihalopoulos.
2016. “Past, Present, and Future Atmospheric Nitrogen
Deposition.” Journal of the Atmospheric Sciences 73(5):
2039–47. https://doi.org/10.1175/JAS-D-15-0278.1.

Kassambara, A., M. Marcin Kosinski, P. Biecek, and S. Fabian.
2024. “survminer: Drawing Survival Curves Using ‘ggplot2’
(0.5.0).” R Package. CRAN. https://CRAN.R-project.org/
package=survminer.

Liang, X., T. Zhang, X. Lu, D. S. Ellsworth, H. BassiriRad, C. You,
D. Wang, et al. 2020. “Global Response Patterns of Plant
Photosynthesis to Nitrogen Addition: A Meta-Analysis.”
Global Change Biology 26(6): 3585–3600. https://doi.org/10.
1111/gcb.15071.

Llusià, J., D. Asensio, J. Sardans, I. Filella, G. Peguero, and
O. Grau. 2022. “Contrasting Nitrogen and Phosphorus
Fertilization Effects on Soil Terpene Exchanges in a Tropical
Forest.” Science of the Total Environment 802: 149769. https://
doi.org/10.1016/j.scitotenv.2021.149769.

Lüdecke, D., M. S. Ben-Shachar, I. Patil, P. Waggoner, and
D. Makowski. 2021. “performance: An R Package for
Assessment, Comparison and Testing of Statistical Models.”

Journal of Open Source Software 6(60): 3139. https://doi.org/
10.21105/JOSS.03139.

Luo, Y., L. Du, J. Zhang, H. Ren, Y. Shen, J. Zhang, N. Li, et al.
2024. “Nitrogen Addition Alleviates the Adverse Effects of
Drought on Plant Productivity in a Temperate Steppe.”
Ecological Applications 34(4): e2969. https://doi.org/10.1002/
eap.2969.

Maintainer, K., and S. Kim. 2015. “Package ‘ppcor’ Type Package
Title Partial and Semi-Partial (Part) Correlation (1.1).” https://
CRAN.R-project.org/package=ppcor.

Martínez-Vilalta, J., E. Prat, I. Oliveras, and J. Piñol. 2002. “Xylem
Hydraulic Properties of Roots and Stems of Nine
Mediterranean Woody Species.” Oecologia 133(1): 19–29.
https://doi.org/10.1007/s00442-002-1009-2.

Mason, R. E., J. M. Craine, N. K. Lany, M. Jonard, S. V. Ollinger,
P. M. Groffman, R. W. Fulweiler, et al. 2022. “Evidence,
Causes, and Consequences of Declining Nitrogen Availability
in Terrestrial Ecosystems.” Science 376(6590): eabh3767.
https://doi.org/10.1126/science.abh3767.

Meyer-Grünefeldt, M., U. Friedrich, M. Klotz, G. Von Oheimb, and
W. Härdtle. 2015. “Nitrogen Deposition and Drought Events
Have Non-additive Effects on Plant Growth – Evidence from
Greenhouse Experiments.” Plant Biosystems 149(2): 424–432.
https://doi.org/10.1080/11263504.2013.853699.

Minocha, R., S. Long, and S. A. Turlapati. 2020. “Forest Service
Research Data Archive.” USDA Forest Service. https://doi.org/
10.2737/RDS.

Mu, X., and Y. Chen. 2021. “The Physiological Response of
Photosynthesis to Nitrogen Deficiency.” Plant Physiology and
Biochemistry 158: 76–82. https://doi.org/10.1016/j.plaphy.2020.
11.019.

Nefzi, K., J. Voltas, B. B. Kefi, M. Baraket, T. Rzigui, P. Martin,
N. M’hamdi, K. Msaada, and Z. Nasr. 2023. “Seasonal
Differences in Ecophysiological Performance between
Resprouters and Non-Resprouters across an Aridity Gradient
in Northwest Tunisia.” Sustainability 15(6): 5298. https://doi.
org/10.3390/su15065298.

Ogaya, R., D. Liu, A. Barbeta, and J. Peñuelas. 2020. “Stem Mortality
and Forest Dieback in a 20-Years Experimental Drought in a
Mediterranean Holm Oak Forest.” Frontiers in Forests and
Global Change 2: 89. https://doi.org/10.3389/ffgc.2019.00089.

Ogaya, R., and J. Peñuelas. 2004. “Phenological Patterns of
Quercus ilex, Phillyrea latifolia, and Arbutus unedo Growing
under a Field Experimental Drought.” Ecoscience 11(3):
263–270.

Ogaya, R., and J. Peñuelas. 2006. “Contrasting Foliar Responses to
Drought in Quercus ilex and Phillyrea latifolia.” Biologia
Plantarum 50(3): 373–382.

Ogaya, R., and J. Peñuelas. 2008. “Changes in Leaf δ13C and δ15N
for Three Mediterranean Tree Species in Relation to Soil
Water Availability.” Acta Oecologica 34(3): 331–38. https://doi.
org/10.1016/j.actao.2008.06.005.

Ogaya, R., and J. Peñuelas. 2021. “Climate Change Effects in a
Mediterranean Forest Following 21 Consecutive Years of
Experimental Drought.” Forests 12(3): 306. https://doi.org/10.
3390/f12030306.

Olff, H., R. Aerts, R. Bobbink, J. H. C. Cornelissen, J. W. Erisman,
J. N. Galloway, C. J. Stevens, et al. 2022. “Explanations for

12 of 14 SABAT�E-GIL ET AL.

 21508925, 2026, 6, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecs2.70606 by Spanish C

ochrane N
ational Provision (M

inisterio de Sanidad), W
iley O

nline L
ibrary on [10/06/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1023/A:1024792206369
https://doi.org/10.1023/A:1024792206369
https://doi.org/10.1111/gcb.16731
https://doi.org/10.1007/s11104-023-06096-2
https://doi.org/10.1007/s11104-023-06096-2
https://doi.org/10.1080/11263504.2016.1193070
https://doi.org/10.1080/11263504.2016.1193070
https://doi.org/10.1007/s10533-004-0370-0
https://doi.org/10.1007/s11368-015-1064-z
https://doi.org/10.1371/journal.pone.0205296
https://doi.org/10.1175/JAS-D-15-0278.1
https://cran.r-project.org/package=survminer
https://cran.r-project.org/package=survminer
https://doi.org/10.1111/gcb.15071
https://doi.org/10.1111/gcb.15071
https://doi.org/10.1016/j.scitotenv.2021.149769
https://doi.org/10.1016/j.scitotenv.2021.149769
https://doi.org/10.21105/JOSS.03139
https://doi.org/10.21105/JOSS.03139
https://doi.org/10.1002/eap.2969
https://doi.org/10.1002/eap.2969
https://cran.r-project.org/package=ppcor
https://cran.r-project.org/package=ppcor
https://doi.org/10.1007/s00442-002-1009-2
https://doi.org/10.1126/science.abh3767
https://doi.org/10.1080/11263504.2013.853699
https://doi.org/10.2737/RDS
https://doi.org/10.2737/RDS
https://doi.org/10.1016/j.plaphy.2020.11.019
https://doi.org/10.1016/j.plaphy.2020.11.019
https://doi.org/10.3390/su15065298
https://doi.org/10.3390/su15065298
https://doi.org/10.3389/ffgc.2019.00089
https://doi.org/10.1016/j.actao.2008.06.005
https://doi.org/10.1016/j.actao.2008.06.005
https://doi.org/10.3390/f12030306
https://doi.org/10.3390/f12030306


Nitrogen Decline.” Science 376(6598): 1169–70. https://doi.org/
10.1126/science.abq7575.

Oliet, J. A., J. M. Salazar, R. Villar, E. Robredo, and F. Valladares.
2011. “Fall Fertilization of Holm Oak Affects N and
P Dynamics, Root Growth Potential, and Post-Planting
Phenology and Growth.” Annals of Forest Science 68(3):
647–656. https://doi.org/10.1007/s13595-011-0060-8.

Ouyang, Y., S. E. Evans, M. L. Friesen, and L. K. Tiemann. 2018.
“Effect of Nitrogen Fertilization on the Abundance of
Nitrogen Cycling Genes in Agricultural Soils: A Meta-Analysis
of Field Studies.” Soil Biology and Biochemistry 127: 71–78.
https://doi.org/10.1016/j.soilbio.2018.08.024.

Peñuelas, J., I. A. Janssens, P. Ciais, M. Obersteiner, and J. Sardans.
2020. “Anthropogenic Global Shifts in Biospheric N and P
Concentrations and Ratios and their Impacts on Biodiversity,
Ecosystem Productivity, Food Security, and Human Health.”
Global Change Biology 26(4): 1962–85. https://doi.org/10.1111/
gcb.14981.

Peñuelas, J., and J. Sardans. 2022. “The Global
Nitrogen-Phosphorus Imbalance.” Science 375(6578): 266–67.
https://doi.org/10.1126/science.abl4827.

Preston, T., and N. J. P. Owens. 1983. “Interfacing an Automatic
Elemental Analyser with an Isotope Ratio Mass
Sepectrometer: The Potential for Fully Automated Total
Nitrogen and Nitrogen-15 Analysis.” The Analyst 108(1289),
971. https://doi.org/10.1039/an9830800971.

R Core Team. 2024. R: A Language and Environment for Statistical
Computing. Vienna: R Foundation for Statistical Computing.

Rodà, F., X. Mayor, S. Sabaté, and V. Diego. 1999. “Water and
Nutrient Limitations to Primary Production.” In Ecology of
Mediterranean Evergreen Oak Forests, edited by F. Roda, J.
Retana, C. A. Gracia, and J. Bellot, Vol. 137, 183–193. Berlin:
Springer-Verlag.

Sabaté-Gil, C., R. Ogaya, L. M�arquez, A. Ribas, and J. Peñuelas.
2026. “Replication Data for: ‘Effects of Long-Term Nitrogen
Addition on Two Dominant Species in a Drought-Prone
Mediterranean Forest’.” CORA. Repositori de Dades de
Recerca. https://doi.org/10.34810/data2169.

Sardans, J., and J. Peñuelas. 2005. “Drought Decreases Soil Enzyme
Activity in a Mediterranean Quercus ilex L. Forest.” Soil
Biology and Biochemistry 37(3): 455–461. https://doi.org/10.
1016/j.soilbio.2004.08.004.

Sardans, J., I. Urbina, O. Grau, D. Asensio, R. Ogaya, and J.
Peñuelas. 2020. “Long-Term Drought Decreases Ecosystem C
and Nutrient Storage in a Mediterranean Holm Oak Forest.”
Environmental and Experimental Botany 177: 104135. https://
doi.org/10.1016/j.envexpbot.2020.104135.

Schmitz, A., T. G. M. Sanders, A. Bolte, F. Bussotti, T. Dirnböck,
J. Peñuelas, M. Pollastrini, et al. 2023. “Responses of Forest
Ecosystems in Europe to Decreasing Nitrogen Deposition.” In
Atmospheric Nitrogen Deposition to Global Forests: Spatial
Variation, Impacts, and Management Implications, edited by E.
Du and W. de Vries, 227–245. Cambridge, MA: Academic
Press. https://doi.org/10.1016/B978-0-323-91140-5.00017-8.

Schulte-Uebbing, L., and W. de Vries. 2018. “Global-Scale Impacts
of Nitrogen Deposition on Tree Carbon Sequestration in
Tropical, Temperate, and Boreal Forests: A Meta-Analysis.”
Global Change Biology 24(2): e416–e431. https://doi.org/10.
1111/gcb.13862.

Slootweg, J., M. Posch, and J. P. Hettelingh. 2015. Modelling and
Mapping the Impacts of Atmospheric Deposition of Nitrogen
and Sulphur: CCE Status Report 2015. Bilthoven: National
Institute for Public Health and the Environment.

Song, X., G. Zhou, B. L. Ma, W. Wu, I. Ahmad, G. Zhu, W. Yan,
and X. Jiao. 2019. “Nitrogen Application Improved
Photosynthetic Productivity, Chlorophyll Fluorescence, Yield
and Yield Components of Two Oat Genotypes under Saline
Conditions.” Agronomy 9(3): 115. https://doi.org/10.3390/
agronomy9030115.

Stevens, C. J., C. Dupr, E. Dorland, C. Gaudnik, D. J. G. Gowing,
A. Bleeker, M. Diekmann, et al. 2010. “Nitrogen Deposition
Threatens Species Richness of Grasslands across Europe.”
Environmental Pollution 158(9): 2940–45. https://doi.org/10.
1016/j.envpol.2010.06.006.

Therneau, T., and M. Clinic. 2024. “Mixed Effects Cox Models
(2.2-20).” R Package. CRAN. https://CRAN.R-project.org/
package=coxme.

Therneau, T. M., T. Lumley, E. Atkinson, and C. Crowson. 2024.
“Survival: Survival Analysis (3.8-3).” R Package. CRAN.
https://github.com/therneau/survival.

Thomas, Q. R., C. D. Canham, K. C. Weathers, and C. L. Goodale.
2010. “Increased Tree Carbon Storage in Response to Nitrogen
Deposition in the US.” Nature Geoscience 3(1): 13–17. https://
doi.org/10.1038/ngeo721.

Vallicrosa, H., J. Sardans, R. Ogaya, P. R. Fern�andez, and J.
Peñuelas. 2021. “Short-Term n-Fertilization Differently Affects
the Leaf and Leaf Litter Chemistry of the Dominant Species in
a Mediterranean Forest under Drought Conditions.” Forests
12(5): 605. https://doi.org/10.3390/f12050605.

Vicente-Serrano, S. M., and S. Beguería. 2023. “Package ‘spei’.
Calculation of the Standardised Precipitation-Evapotranspiration
Index (v.1.8.1).” https://CRAN.R-project.org/package=SPEI.

Vicente-Serrano, S. M., S. Beguería, and J. I. L�opez-Moreno. 2010.
“A Multiscalar Drought Index Sensitive to Global Warming:
The Standardized Precipitation Evapotranspiration Index.”
Journal of Climate 23(7): 1696–1718. https://doi.org/10.1175/
2009JCLI2909.1.

Wang, G., L. Koziol, B. L. Foster, and J. D. Bever. 2022. “Microbial
Mediators of Plant Community Response to Long-Term N and
P Fertilization: Evidence of a Role of Plant Responsiveness to
Mycorrhizal Fungi.” Global Change Biology 28(8): 2721–35.
https://doi.org/10.1111/gcb.16091.

Wang, R., L. Yun, Y. Mao, T. Yan, W. Wei, W. You, and H. Zhang.
2024. “Nitrogen Deposition Alters Drought-Induced Changes in
Biomass and Nonstructural Carbohydrates Allocation Patterns
of Quercus Mongolica Seedlings.” Scientia Horticulturae 325:
112573. https://doi.org/10.1016/j.scienta.2023.112573.

Xie, D., G. Si, T. Zhang, J. Mulder, and L. Duan. 2018. “Nitrogen
Deposition Increases N2O Emission from an N-Saturated
Subtropical Forest in Southwest China.” Environmental
Pollution 243: 1818–24. https://doi.org/10.1016/j.envpol.2018.
09.113.

Xing, K., M. Zhao, Ü. Niinemets, S. Niu, J. Tian, Y. Jiang, H. Y. H.
Chen, P. J. White, D. Guo, and Z. Ma. 2021. “Relationships
between Leaf Carbon and Macronutrients across Woody
Species and Forest Ecosystems Highlight How Carbon Is
Allocated to Leaf Structural Function.” Frontiers in Plant
Science 12: 674932. https://doi.org/10.3389/fpls.2021.674932.

ECOSPHERE 13 of 14

 21508925, 2026, 6, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecs2.70606 by Spanish C

ochrane N
ational Provision (M

inisterio de Sanidad), W
iley O

nline L
ibrary on [10/06/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1126/science.abq7575
https://doi.org/10.1126/science.abq7575
https://doi.org/10.1007/s13595-011-0060-8
https://doi.org/10.1016/j.soilbio.2018.08.024
https://doi.org/10.1111/gcb.14981
https://doi.org/10.1111/gcb.14981
https://doi.org/10.1126/science.abl4827
https://doi.org/10.1039/an9830800971
https://doi.org/10.34810/data2169
https://doi.org/10.1016/j.soilbio.2004.08.004
https://doi.org/10.1016/j.soilbio.2004.08.004
https://doi.org/10.1016/j.envexpbot.2020.104135
https://doi.org/10.1016/j.envexpbot.2020.104135
https://doi.org/10.1016/B978-0-323-91140-5.00017-8
https://doi.org/10.1111/gcb.13862
https://doi.org/10.1111/gcb.13862
https://doi.org/10.3390/agronomy9030115
https://doi.org/10.3390/agronomy9030115
https://doi.org/10.1016/j.envpol.2010.06.006
https://doi.org/10.1016/j.envpol.2010.06.006
https://cran.r-project.org/package=coxme
https://cran.r-project.org/package=coxme
https://github.com/therneau/survival
https://doi.org/10.1038/ngeo721
https://doi.org/10.1038/ngeo721
https://doi.org/10.3390/f12050605
https://CRAN.R-project.org/package=SPEI
https://doi.org/10.1175/2009JCLI2909.1
https://doi.org/10.1175/2009JCLI2909.1
https://doi.org/10.1111/gcb.16091
https://doi.org/10.1016/j.scienta.2023.112573
https://doi.org/10.1016/j.envpol.2018.09.113
https://doi.org/10.1016/j.envpol.2018.09.113
https://doi.org/10.3389/fpls.2021.674932


Yu, B., S. Rossi, H. Liang, X. Guo, Q. Ma, S. Zhang, J. Kang, et al.
2022. “Effects of Nitrogen Addition and Increased
Precipitation on Xylem Growth of Quercus acutissima Caruth.
in Central China.” Tree Physiology 42(4): 754–770. https://doi.
org/10.1093/treephys/tpab152.

Yuan, J., M. Peng, G. Tang, and Y. Wang. 2023. “Effects of
Simulated Nitrogen Deposition on Soil Respiration:
Evidence from a Three-Year Field Study of the Abies
georgei (Orr) Forest in the Jiaozi Snow Mountains National
Nature Reserve, Southwest China.” Forest Ecology and
Management 542: 121098. https://doi.org/10.1016/j.foreco.
2023.121098.

Zhang, C. J., Z. L. Yang, J. P. Shen, Y. F. Sun, J. T. Wang, H. Y.
Han, S. Q. Wan, L. M. Zhang, and J. Z. He. 2018. “Impacts of
Long-Term Nitrogen Addition, Watering and Mowing on
Ammonia Oxidizers, Denitrifiers and Plant Communities in a
Temperate Steppe.” Applied Soil Ecology 130: 241–250. https://
doi.org/10.1016/j.apsoil.2018.06.017.

Zhang, P., X. T. Lü, G. Jin, Z. Liu, and M. H. Li. 2023. “Leaf
Nitrogen Resorption Is more Important than Litter Nitrogen
Mineralization in Mediating the Diversity–Productivity
Relationship along a Nitrogen-Limited Temperate Forest
Succession Chronosequence.” Forest Ecosystems 10: 100102.
https://doi.org/10.1016/j.fecs.2023.100102.

Zhao, Q., J. Guo, M. Shu, P. Wang, and S. Hu. 2020. “Impacts of
Drought and Nitrogen Enrichment on Leaf Nutrient
Resorption and Root Nutrient Allocation in Four Tibetan

Plant Species.” Science of the Total Environment 723: 138106.
https://doi.org/10.1016/j.scitotenv.2020.138106.

Zhao, T., S. Cheng, Q. Gang, Y. Zhuang, and X. Zhu. 2024. “Effects
of Nitrogen Deposition and Precipitation Patterns on Nitrogen
Allocation of Mongolian Pine (Pinus sylvestris var. mongolica)
on Sandy Land Using 15N Isotope.” Agriculture 14(8): 1367.
https://doi.org/10.3390/agriculture14081367.

Zuccarini, P., D. Asensio, J. Sardans, R. Ogaya, L. Liu, and J.
Peñuelas. 2023. “Effects of Nitrogen Deposition on Soil
Enzymatic Activity and Soil Microbial Community in a
Mediterranean Holm Oak Forest.” Geoderma 430: 116354.
https://doi.org/10.1016/j.geoderma.2023.116354.

SUPPORTING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Sabaté-Gil, Cinta,
Romà Ogaya, Laura M�arquez, Àngela Ribas, and
Josep Peñuelas. 2026. “Effects of Long-Term
Nitrogen Addition on Two Dominant Species in a
Drought-Prone Mediterranean Forest.” Ecosphere
17(6): e70606. https://doi.org/10.1002/ecs2.70606

14 of 14 SABAT�E-GIL ET AL.

 21508925, 2026, 6, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecs2.70606 by Spanish C

ochrane N
ational Provision (M

inisterio de Sanidad), W
iley O

nline L
ibrary on [10/06/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1093/treephys/tpab152
https://doi.org/10.1093/treephys/tpab152
https://doi.org/10.1016/j.foreco.2023.121098
https://doi.org/10.1016/j.foreco.2023.121098
https://doi.org/10.1016/j.apsoil.2018.06.017
https://doi.org/10.1016/j.apsoil.2018.06.017
https://doi.org/10.1016/j.fecs.2023.100102
https://doi.org/10.1016/j.scitotenv.2020.138106
https://doi.org/10.3390/agriculture14081367
https://doi.org/10.1016/j.geoderma.2023.116354
https://doi.org/10.1002/ecs2.70606

	Effects of long‐term nitrogen addition on two dominant species in a drought‐prone Mediterranean forest
	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Study site
	Experimental design
	Growth, recruitment, and mortality measures
	Leaf isotopes, leaf water potential, and photosynthetic potential
	Statistical analyses
	Demographic analyses: Growth, survival, and recruitment
	Ecophysiological analyses: Leaf δ13C, δ15N, C, N, LWP, and Fv/Fm
	Statistical software


	RESULTS
	Recruitment differences among N addition treatments
	Variation in species' growth among N addition treatments
	Survival analyses
	Contrasting species‐specific LWP under N addition
	Increased photosynthesis under N addition
	Q. ilex foliar C, N, δ13C, and δ15N concentrations

	DISCUSSION
	Recruitment under N addition
	Growth responses to N addition and climatic conditions
	Mortality responses
	LWP differences and increased photosynthetic potential (Fv/Fm)
	Effects of N addition on Q. ilex foliar C, N, δ13C, and δ15N
	Species‐specific responses and forest structure implications
	Limitations and future research

	CONCLUSIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


