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European forests have experienced high nitrogen (N) deposition and soil acidification together with sulfur (S)
deposition in the recent decades and are still facing challenges in some areas. In the context of elevated CO, and
air temperature under climate change, the N deposition will initially promote the growth but in the long term it
will accelerate nutrient imbalance and reduce tree health. Therefore, forest management must take these aspects
into account. Many studies have been carried out on the effects of forest management approaches, i.e., liming,
harvesting, and intercropping with other tree species on traits of trees, soil and ecosystem properties and fluxes,
however, a comprehensive review summarizing the current consequences of nitrogen saturation and soil acid-
ification in European forest, particularly if current forest management approaches are able to mitigate these
consequences in the context of climate change, is still lacking. In our review, we summarize the consequences of
N deposition and acidification on trees and soils of forest ecosystems, discuss the importance of the most
commonly used management practices in mitigating these consequences, and provide information for future

management practices in Europe.

1. Introduction

Atmospheric deposition resulting from drastically increased nitrogen
(N) emissions from human activities has contributed to the eutrophi-
cation and acidification of terrestrial ecosystems in many regions of the
world (Etzold et al., 2020; Janssens et al., 2010), affecting not only the
tree health, such as nutrient status, primary production, growth, vitality
and mortality, but also affecting plant diversity, microbial activity and
nutrient availability as well as gaseous and leaching losses (Cheng et al.,
2019; Clark et al., 2019; Du and de Vries, 2018; Du et al., 2024a; He
et al., 2024; Tian et al., 2018). A recent summary of those effects are
presented by Du and de Vries (2023). Soil acidification caused by N

deposition together with sulphur (S) deposition can lead to direct tree
damage, reduced tree nutrient health and regeneration rates of trees and
increased soil-mediated processes like nutrient imbalances, base cation
and nitrate losses (Clark et al., 2019; Du and de Vries, 2018; Etzold et al.,
2020).

The global average atmospheric N deposition has declined to about
19 Tg N yr 1}, but is still high in some hotspots (Du and de Vries, 2023;
Schwede et al., 2018). In Europe, although N and S deposition has
declined since 1990s after peaking during the mid-1980s as a result of
emission reductions, primarily of SO‘Z{ and NOx (EMEP, 2023; Johnson
etal., 2018). N deposition, particularly reactive N (oxidized N + reduced
N) deposition is still high in some areas (Schmitz et al., 2019; Schwede
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et al., 2018) and many other parts of the globe such as Asia (He et al.,
2024; Vet et al., 2014; Q. Zhang et al., 2021). The actual deposition of
inorganic N in central Europe still amounts to ca. 20 kg ha™ ! yr~ !
(Wellbrock et al., 2019), which is 10 times higher than the N deposition
in northern Sweden (Ferm et al., 2019), and is about 3.3 times of the
global average rate of total N deposition to forests (6 kg N ha™ ! yr™ 1)
(Schwede et al., 2018). Thus, N deposition remains a matter of concern
in the context of forest management globally (Clark et al., 2019;
Dirnbock et al., 2018; Du and de Vries, 2023; Flechard, Ibrom, et al.,
2020), including urban forests due to increasing urbanization (Du et al.,
2022). Decreased N deposition alone may be not sufficient for forests to
recover within a reasonable timeframe from the decades-long effects of
elevated N deposition (Schmitz et al., 2019). Therefore, management
interventions are necessary to promote forest recovery, particularly in
Europe where forests cover about one-third of its surface (Etzold et al.,
2020; Pretzsch et al., 2023).

Liming together with carbon, wood ash and deficient nutrients
addition has been proposed and widely used to mitigate the effects of
soil acidification and N eutrophication (Du et al., 2024a; Jansone et al.,
2020; Olsson and Kellner, 2002). No other direct, large-scale measures
have been taken to mitigate the effects from N and S deposition. How-
ever, adaptation measures to improve forest resilience in general, to
avoid the consequences of climate change, or to promote greater
biodiversity have also had spillover effects on the recovery from acidi-
fication and eutrophication. Partial or selective cutting, often referred to
as continuous—cover—forestry, is one of these management practices that
is commonly applied in Central Europe (Gottlein et al., 2023; Lundmark
et al., 2013; Nordén et al., 2019; Wu et al., 2011). Selective cutting is
expected to increase N availability (Clark et al., 2019), reduce the
sensitivity of forests stands to climatic perturbations and at the same
time cause less N losses by gaseous emissions and leaching from forests
as compared to clear—cutting, because the N requirements of and the
ecosystem N cycling during forest regeneration differ significantly from
those in mature forest stands. When only few trees are removed by se-
lective cutting, N uptake of the stand changes only gradually over time
since the stand structure is maintained (Gundersen et al., 2006). Another
important adaptation of forest management to climate change focusses
on either promoting or planting tree species (e.g., replenishing seed
banks with liming and replanting tolerant species) that are less suscep-
tible to water limitations (Du et al., 2024a; Kauppi et al., 2018; Pardos
et al., 2021). This measure aims at sustained growth and reduced tree
mortality, which has shaped European forests at the stand and landscape
scale in the recent decades (Forzieri et al., 2021; Senf et al., 2018). In
addition to the aspects of plant N supply and the risks of ecosystem N
losses, forest policy and forest management need to address biodiversity
loss (Gilliam, 2006), tree nutrition and resilience (Schmitz et al., 2019)
as well as C sequestration and climate mitigation in a long term and on
global scale (Du et al., 2024b; Naudts et al., 2016). Clark et al. (2019)
proposed combinations of treatments to promote recovery from N
deposition. In the present review, we aim to summarize the conse-
quences of N deposition and soil acidification in European forests at tree,
soil and ecosystem levels, and specifically discuss how forest manage-
ment options such as liming, selective cutting and change of species
composition mitigate these effects, in order to shed light on future forest
management practices in Europe and worldwide in the context of
climate change.

2. Consequences of nitrogen deposition and soil acidification on
forest ecosystem

2.1. Tree performance

N supply commonly limits plant production and determines the
overall structure and function of many forest ecosystems (Vitousek and
Howarth, 1991). During evolution, trees have developed on marginal
soils with low nutrient availability, particularly of N (Raven and
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Andrews, 2010). Consequently, many tree species can take up N in
amounts exceeding their actual requirement for growth and develop-
ment, when high amounts of N become available in the environment
(Rennenberg et al., 1998; Rennenberg and Dannenmann, 2015; Sardans
et al., 2016). Under these conditions, the excess nitrogen can be used for
the production of vegetative bark and wood storage proteins
(Rennenberg et al., 2010), the synthesis of rubisco and other enzymes in
the leaves in amounts that far exceeds the requirement for photosyn-
thetic carbon fixation and other enzymatic reactions (Mu et al., 2018;
Warren et al., 2003), and the expansion of the soluble amino acid pool
that cycles in xylem and phloem, particularly by the accumulation of
N-rich amino acids such as arginine (Gessler et al., 1998b; Schneider
et al., 1996). The N in these storage pools can be mobilized at high N
demand, e.g. for new leaf development in deciduous trees in spring
(Herschbach et al., 2012; Millard and Grelet, 2010), for mass production
of seeds (Rennenberg and Gessler, 1999), or during leaf senescence for
bark and wood storage protein synthesis (Feller et al., 2008).

Apart from storage and reallocation, plants can also mediate N
acquiring by the means of stomata regulation and root uptake (Fig. 1)
(Rennenberg and Gessler, 1999). Since nitrogen dioxide (NO5) influx
into the leaves can only be reduced by stomatal closure and, hence, at
the expense of photosynthetic carbon fixation, root uptake of N can be
downregulated at the end (Muller et al., 1996). In addition, root uptake
of nitrate can be inhibited completely at excess N availability, when
storage pools of N are filled up (Gessler et al., 2004). Under these con-
ditions, ammonium uptake by the roots is maintained and can result in
excessive N nutrition (Gessler et al., 1998a). If amino acid uptake by the
roots from the soil solution is also maintained under these conditions,
has so far not been elucidated. The inhibition of nitrate uptake by the
roots contributes to the nitrate losses via soil seepage to ground- and
surface waters in ecosystems exposed to high atmospheric N deposition
(Rennenberg et al., 1998). The inhibition can be released during
enhanced demand for N, e.g., for mass production of seeds (Rennenberg
and Gessler, 1999). Thus, N nutrition of trees can be regulated to some
extent at excess availability of this essential macro nutrient, but N
over-nutrition cannot be prevented in the presence of excessive amounts
of reduced N in the soil solution.

Initially, over-nutrition of trees with N can stimulate gross primary
productivity and, hence, growth (Etzold et al., 2020; Luo et al., 2020;
Pretzsch et al., 2023; Sardans et al., 2016; Tian et al., 2018) as observed
for European forests and US forests in the last 40-50 years (Quinn
Thomas et al., 2010; de Vries et al., 2006, 2014), but may also result in
early senescence thereby counteracting enhanced growth at stimulated
primary productivity of photosynthesis (Luo et al., 2020). Non-linear
response in forest productivity to N deposition has been observed in
several studies (de Vries et al., 2014; Etzold et al., 2014; Xing et al.,
2022). At prolonged exposure, the positive effect of excess N acquisition
on growth ceases because of nutrient imbalances (Jonard et al., 2015;
Netzer et al., 2019; Rothstein, 2018; Sardans et al., 2016), reduced fine
root biomass, and a change in the composition and abundance of
mycorrhizal fungi (van der Linde et al., 2018). These nutrient imbal-
ances include N and phosphorus (Netzer et al., 2019; Sardans et al.,
2016), potassium (Jonsson et al., 2004; Rothstein, 2018; Sardans et al.,
2016), calcium (Elvir et al., 2006), and magnesium (Elvir et al., 2006;
Jonsson et al., 2004) deficiency as well as general cation deficiency
(Duquesnay et al., 2000). There may also be a reason for the enhanced
mortality of trees observed under these conditions (Rothstein, 2018) and
for an increased attack by parasites (Fliickiger and Braun, 1999). The
later effect requires further experiments under controlled conditions to
test conclusions drawn from field studies (Fig. 1).

Acid precipitation will affect both, directly the shoot and indirectly
the root of trees mediated by changes in the soil (Fig. 1) (Zhang et al.,
2023). The direct impact of acid precipitation on leaf function is evi-
denced by the erosion of surface waxes and cuticles, as well as the
leaching of base cations from mesophyll cells, despite the simultaneous
uptake of nitrates in rainwater, which may confer benefits to leaf
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Fig. 1. Schematic diagram showing effects of nitrogen deposition on forest ecosystem and the effects of common management practices. The arrows indicate the
general effects of nitrogen deposition and management practices. Red arrows, increasing; blue arrows, decreasing; grey crosses, no consistent results or lack of data.

photosynthesis and plant growth (Dong et al., 2017). In leaves exposure
to acid precipitation can be recognized by the development of necrotic
spots (Sant’Anna-Santos et al., 2006; Whitney and Ip, 1991). But, before
these visible symptoms of damage develop, micro-morphological
changes of the leaves are observed, in particular increased roughness
and reduced wettability of the cuticle as well as wilting of epidermal
cells and reduced turgor of guard cells of the stomata (Andrade et al.,
2020; Sant’Anna-Santos et al., 2006; Z. Zhang et al., 2021) indicating
uncontrolled water loss. Additional anatomical changes are observed in
living buds (Soukupova et al., 2002). Impaired foliar structures are
accompanied by a severe leakage of cations such as Ca, Mg, Mn, Zn, Fe
(Diatta et al., 2021; McLaughlin et al., 1993; Tiirk et al., 1993; Tveite

et al.,, 1990) and organic compounds such as sugars from the cell walls
(Shigihara et al., 2008) and the cytoplasm, whereas K contents of the
leaves are less affected (Tveite et al., 1990) and the contents of phenolic
compounds may even increase (Soukupova et al., 2002). Still detailed
analyses of the leakage of the cellular metabolites by acid precipitation
requires further studies. It may not necessarily result in reduced cellular
contents due to stimulated metabolic activity (Shumejko et al., 1996)
indicated by increased respiration (McLaughlin et al., 1993). As a
consequence of impaired chloroplast structure, also chlorophyll con-
tents and photosynthesis per chlorophyll are reduced by acid precipi-
tation (Shan et al., 1996). These effects are often accompanied by
oxidative stress that is not compensated by enhanced anti-oxidative
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activity (Chen et al., 2013; Z. Zhang et al., 2021). Also, phenological
changes such as early onset of bud break and, hence, increased late-frost
sensitivity are observed in trees exposed to acid precipitation
(Soukupova et al., 2002). In addition, biotic interactions in the above-
ground parts of plants are modified by acid precipitation, indicated by
impaired development and performance of herbivores (Ruuhola et al.,
2009), enhanced susceptibility of insects feeding on acid precipitation
exposed foliage to predators (Palokangas et al., 1995), and reduced
foliar abundance of endophytic fungi (Asai et al., 1998; Ranta et al.,
1995). Studies addressing the indirect effects of acid precipitation on
roots are still limited. The effects seem to be largely mediated by soil
microorganisms, the abiotic environment and dynamics of substances in
the soil rhizosphere (Dong et al., 2017; Zhang et al., 2023).

As indicated by atmospheric deposition history, acid precipitation
during the last century was predominantly due to S deposition that was
gradually replaced by N deposition (EMEP, 2023). Studies have shown N
deposition contributed to soil acidification, too (Lu et al., 2014; Chen
et al., 2023). Since N deposition enhanced forest growth (Etzold et al.,
2020; Luo et al., 2020; Pretzsch et al., 2023; Sardans et al., 2016; Tian
et al., 2018), it also enhanced the S requirement of forests at declining
availability. A similar situation was observed in agriculture, where
reduced atmospheric S deposition resulted in S deficiency and signifi-
cant yield losses in the 1990s that had to be counteracted by the use of
significant amounts of S containing fertilizer (20-60 kg S ha~! y~1) for
crops such as wheat and rape until today (Bloem et al., 2015). Yield
losses at S deficiency were accompanied by reduced plant fitness and
enhanced susceptibility to various diseases, since numerous defence
processes of plants against biotic and abiotic stress rely on organic S
compounds (Foyer and Rennenberg, 2000; Hell and Rennenberg, 1998;
Herschbach et al., 2012). S deficiency was also reported in beech, oak,
spruce and pine forests in Central Europe (Wellbrock et al., 2016) that
may have contributed to the reduced stress tolerance of these forests to
environmental constrains from global climate change such as drought
(Fink et al., 2004; Schiermeier, 2018). Thus, S fertilisation of forests may
also be required in future to enhance its stress resilience in a changing
environment.

2.2. Soil processes and matter exchange

Soil characteristics and processes can be affected by N deposition, for
instance soil pH, C and N cycling, enzyme activities, as well as soil mi-
crobial communities (Fig. 1) (Cheng et al., 2019; Lu et al., 2014; Verma
and Sagar, 2020; Zhang et al., 2018). Soil acidification resulting from
lower soil pH and declined acid neutralization capacity has been char-
acterised as a major environmental issue in many temperate, boreal
regions and tropical forests, which direct impacts on nitrification and
mineralization process rates and indirectly regulates soil N turnover
through alteration of the soil microbial community (Cheng et al., 2019;
Lu et al, 2014). Strong soil acidification causes mobilisation of
aluminium and, as a consequence, aluminium toxicity to the roots,
including reduced root elongation and biomass production at enhanced
phytohormone contents (Hirano et al., 2007; Wang et al., 2020). The
reduced contents of cations, particularly of Ca, observed in tree roots
under these conditions (Hirano et al., 2007; Li et al., 2014) may be a
consequence of both, enhanced leakage and reduced uptake. However,
detailed analyses of the consequences of acid precipitation for individual
root transport processes have neither been reported for nutrient uptake
nor for root exudation of organic compounds. Acid precipitation will
also affect biotic interactions in the rhizosphere, indicated by slowed
mycorrhiza formation, modified ectomycorrhizal community, and a
general decline in microbial biomass (Maehara et al., 1993; Roth and
Fahey, 1998; Tian et al., 2008). The latter also includes the reduced
abundance of nitrifiers and, hence, shifts the competition for reduced
nitrogen in favour of the roots (Papen et al., 1991).

The effects of N deposition on soil N status and transformation in
forest ecosystems has been reviewed previously in Cheng et al. (2019).
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Flechard, van Oijen et al. (2020) estimated that the mean N
deposition-induced fertilization effect on C sequestration in European
forests was 40-50 g C per g N, while Schulte-Uebbing et al. (2022)
found minor contribution of N deposition to global forest C sequestra-
tion, and forest C-N response increased from tropical to boreal regions. N
deposition has contributed to the net C sequestration in trees and soil in
Europe by approximately 11.8 Mton yr ! from 1960 to 2000
(5.1 Mton yr’1 in tree wood and 6.7 Mton yr’1 in soil) (de Vries
et al., 2006). Similar results were also observed in a majority of tree
species across the northeastern and north-central USA (Horn et al.,
2018; Quinn Thomas et al., 2010). In general, elevated N concentration
in the soil may stimulate N mineralization and nitrification. Soil total N
and mineral N have been increased by 6.2 % and 114 %, respectively,
and the increase of NO3 in soil solution was 9 times of NH; due to
elevated N deposition. N deposition also resulted in alteration of organic
matter quality as indicated by 6.7 % decreased soil C/N ratio despite an
increase of C storage by 4.8 % (Cheng et al., 2019 and the references
therein). N is also essential for growth of soil microbes, which are critical
drivers for a large number of essential ecosystem processes including N
transformation. Global negative effects of elevated N have been
observed on soil microbial population, composition, as well as enzymes
involved in N transformation (Chen et al., 2018; van der Linde et al.,
2018; Zhang et al., 2018; Zhou et al., 2017). In addition to a decreased
fungi to bacteria ratio under N deposition (Peguero et al., 2021; Zhou
et al., 2017; Zuccarini et al., 2023), Choma et al. (2020) found that
bacteria responded to N addition rapidly compared to fungi in spruce
and beech forests, hence, bacterial reaction might control the changes in
soil enzymatic activity in a long term view of N deposition.

An oversupply of N is thought to gradually diminish N retention in
living biomass and the soil so that surplus N is lost from the ecosystem
via leaching or gaseous emissions (Fig. 1) (Aber et al., 1998; Emmett,
2007; Kreutzer et al., 2009; Lovett and Goodale, 2011). Apart from the
retention of deposited N in plant biomass, substantial amounts end up in
the soil (Templer et al., 2012). Fertilization experiments in forests show
that N addition generally increases soil organic matter (SOM) storage
(Forstner et al., 2019; Janssens et al., 2010), but the amount of retained
N depends upon the soil C/N ratio because microbial immobilization of
added N may be low in soils with a C/N ratio < 20 (Dannenmann et al.,
2007; Lovett and Goodale, 2011). The controlling role of the soil C/N
ratio on N immobilization is also reflected in its tight relationship with
leaching of dissolved inorganic N (DIN), predominately in the form of
nitrate (Dise et al., 2009a; Dise and Wright, 1995; MacDonald et al.,
2002; Magill et al., 2004). At the catchment scale, N deposition is a
major driver of DIN concentrations and runoff globally (Templer et al.,
2022, 2012). Findings from isotope studies confirm the important role of
C for the retention of N deposition (Curtis et al., 2011). Furthermore,
limitation in available P co-determines N leaching rates, so that high
leaching rates occur where forest floor C:N ratios are low and N:P ratios
are high (Oulehle et al., 2021). P limitation occurs naturally due to
sorption but also due to nutrient imbalances caused by N deposition and
because climate warming is increasing plant growth and at the same
time leaching losses (Tian et al., 2023). Nevertheless, the retention of
DIN in catchments distributed across unmanaged European forest areas
with no local N emission sources is high, but decreased with increasing
inorganic N deposition owing to elevated gaseous and leaching losses
(Vuorenmaa et al., 2018). Declining N availability in ecosystems in
recent decades even led to the notion of ecosystem oligotrophication (R.
E. Mason et al., 2022). Although little effects (2.8 % from 2000 to 2020)
of N addition on soil respiration were observed overall, soil acidification
significantly increased the negative effects of N addition on soil respi-
ration, which might in turn impact the roots, microorganisms and their
respiration (Chen and Chen, 2023).

Soil is also a major source of greenhouse and N trace gases, i.e., CO2,
CHy, nitrous oxide (N20), nitric oxide (NO) and molecular nitrogen (N3)
(Fig. 1). In general, increased N deposition mostly reduces CO; emission
by impeding soil autotrophic and/or heterotrophic respiration and
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organic matter decomposition (Fan et al., 2020; Janssens et al., 2010),
with several studies showing either no change or increased soil COy
fluxes. For instance no change was found in a Mediterranean dryland
dominated by Quercus coccifera L. and Rosmarinus officinalis L. by N
fertilisation (Lafuente et al., 2020), whereas, a meta-analysis showed a
0.3 % increase in China under N enrichment (Deng et al., 2020). Unlike
COy, N trace gases were apparently impacted by N deposition (Fan et al.,
2020, 2020; Lafuente et al., 2020). NO emissions from coniferous forests
are highly correlated with N-deposition (Pilegaard et al., 2006; Venterea
et al., 2003) with maximum emission rates ranging between 6 and
10 kg N ha™! yr~! reported for a spruce forest with chronic high N
deposition of 30 kg N ha! yr’1 (Butterbach-Bahl et al., 2002a). Cor-
relation between N,O emission and N-deposition are less significant but
instead there are significant negative correlation between N,O emission
and the soil C/N ratio (Gundersen et al., 2012; Pilegaard et al., 2006).
Overall N,O emissions (1-3kg N ha™! yr™1) from temperate forest
ecosystems significantly affected by atmospheric nitrogen deposition are
likely lower than NO emissions (Butterbach-Bahl et al., 2002a; Luo et al.,
2012; Pilegaard et al., 2006). Xia et al. (2020) and Du et al. (2024b)
found that effects of N addition on soil N3O emissions and CH,4 uptake in
global forests were biome specific and dose dependent (CH4 sink). A
recent study by Cen et al. (2024) found that current levels of N depo-
sition reduce global forest soil CH4 uptake by about 3 % and that re-
ductions of atmospheric CH4 uptake due to atmospheric N deposition
was more pronounced in temperate forests than in tropical or boreal
forests, probably due to differences in the soil N status.

In recent years, acid precipitation in Europe and North America has
greatly decreased due to decreased S deposition (EMEP, 2023). More
than 50 % decrease of sulphate (SO3) accompanied by significantly
decreased concentrations of the nutrient base cations, i.e., calcium,
magnesium and potassium and aluminium in the upper mineral soil
layer (0-20 cm) was documented in International Co-operative Pro-
gramme on Assessment and Monitoring of Air Pollution Effects on For-
ests (ICP Forests) monitoring network plots across Europe (Johnson
et al., 2018). With regard to tree growth and C sequestration, Hogberg
et al. (2006) found that tree growth initially responded positively to N
addition, but that the rate of N addition may be more important than the
accumulated N dose in a long-term response, and soil pH may recover
faster after removal of the N-load than predicted. Therefore, long-term
monitoring in forest ecosystem response to both legacy effects of pre-
viously increased N deposition and currently decreased deposition
deserve more attention and research efforts (Bowman et al., 2008;
Dirnbock et al., 2017; Gilliam et al.,, 2019; Johnson et al., 2018),
particularly under climate change conditions (Dirnbock et al., 2017).

3. Significance of management practices in mediating
consequences of nitrogen deposition and soil acidification

3.1. Liming

Liming is a long and widely used countermeasure against acidifica-
tion of forest soils in Europe (Persson et al., 2021; Saarsalmi et al.,
2011). In addition to counteract acidification and improvement of the
cation exchange capacity, liming also impacts soil C, N and nutrient
cycles, macrofaunal and microbial community composition and associ-
ated greenhouse gas fluxes, although studies are still limited and results
are not consistent. Some studies reported decreased C and N pools
(Fig. 1) (Huber et al., 2006; Jansone et al., 2020; Kreutzer, 1995;
Marschner and Waldemar Wilczynski, 1991; Persson et al., 1995), while
others found increased C and N stocks (Derome, 1990; Long et al., 2022;
Melvin et al., 2013; Sridhar et al., 2022; Wang et al., 2021), the effects
strongly depended on the liming product and application amount, and
the initial status of the soil (Court et al., 2018; Jansone et al., 2020;
Saarsalmi et al., 2011). In addition to the effects of liming on the calcium
(Ca) and magnesium (Mg) contents of the spruce forest floor (Meiwes
etal., 2002), they also had pronounced impacts on the nutrient status of
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the trees. For example, Ca/MgCOg3 liming strongly increased foliar Mg
concentrations, whereas they gradually decreased in CaCO3 limed plots
(Court et al., 2018). Similar effects were also observed when liming
products containing potassium were applied (Court et al., 2018).
Ljungstrom and Nihlgard (1995) found that calcium carbonates
improved Ca nutritional status, while dolomite improved both Ca and
Mg nutrition. The disparate effects may be ascribed to discrepancies in
the release of readily plant-available minerals, the enhancement of
organic matter decomposition and soil pH, and decreased aluminum (Al)
toxicity across a range of lime products (Court et al., 2018). The pH of
the soil organic layer of Scots pine (Pinus sylvestris L.) forest exhibited a
0.4-unit increase in plots receiving 4 Mg ha! of limestone compared to
those receiving 2 Mg ha™, after a 21-year period (Saarsalmi et al.,
2011). N mineralization was also found to be stimulated at N-rich sites
(C/N < 30) but inhibited by liming at N-poor sites (Formanek and
Vranova, 2003) or N- poor soil layers (Melvin et al., 2013). Liming can
increase nitrification through stimulation of nitrifying bacteria abun-
dance, and hence increase the availability of soil nitrate as well as the
loss of NO3-N (DeForest and Otuya, 2020; Kreutzer, 1995) and liming is
supposed to increase soil organic matter decomposition due to enhanced
microbial activities under higher pH (Court et al., 2018). However, re-
sults from studies are inconsistent, and the possible reasons have been
well discussed by van Straaten (2023), which may be caused by changes
of macrofaunal (Baath et al., 1981; Persson et al., 2021), nutrient stoi-
chiometry of soil and plants tissues (Court et al., 2018; Eklund and
Eliasson, 1990; Melvin et al., 2013), microbial community structure and
abundance (Marschner and Waldemar Wilczynski, 1991; Sridhar et al.,
2022; Wan et al., 2019), and increased aboveground and belowground
litter inputs (Huettl and Zoettl, 1993; Lin et al., 2015). The latter has
been linked to liming-induced improvements of the availability and
mobility of plant nutrients (e.g., Ca®* and Mg2+), reductions or removal
of A3+ toxicity (Court et al., 2018; Saarsalmi et al., 2011; Sridhar et al.,
2022), as well as the quality and quantity of liming materials used and
the application time (Wang et al., 2021). Liming can restore the cation
contents of the roots and the shoot and, hence, tree growth (Li et al.,
2014; Tveite et al., 1990). However, the less acidic pH achieved by
liming also supports the abundance of nitrifiers in the rhizosphere
thereby competing with the roots for reduced nitrogen. The nitrifiers
that develop under these conditions in the soil may at least partially
originate from shed foliage that can be occupied by endophytic nitrifiers
(Papen et al., 2002). It is expected in the long-run that liming would lead
to better exploitation of the potential rooting zone because of more
favorable chemical and physical properties for root growth in the min-
eral soil (Wilpert, 2022). Liming has been found to have a long-lasting
positive effect on foliar Ca and Mg concentrations in Scots pine (Pinus
sylvestris L.) needles (21 years) (Saarsalmi et al., 2011), sugar maple
(Acer saccharum Marsh.) and black cherry (Prunus serotina Ehrh.) foliage
(30 years) (Long et al., 2022) due to increased soil Ca and Mg particu-
larly in mineral soil layer (Court et al., 2018). Basal area increment black
cherry shew a species specific manner (Long et al., 2022). At stand level,
increased stand volume of Scots pines was observed after liming on the
unploughed plots (Saarsalmi et al., 2011).

Though only a few studies are available on the effects on N trace gas
emissions. Liming of a coniferous stand in a forest in south Germany
resulted in a reduction of NO emission rates by 25-30 % as compared to
the control, but significantly enhanced (> 60 %) N»O emission rates
(Butterbach-Bahl et al., 2002a, 1997). The latter is in contradiction to
Borken and Brumme (1997) who found a reduction in NyO emissions
after liming of up to 60 %. The effect of decreasing NO emissions can be
mainly attributed to an increase of oxidative NO consumption processes
(Gasche and Papen, 1999) and the strong decline of NO-production by
chemodenitrification after increasing the forest floor pH. Since N2O
emission rather originate from the mineral soil, differences in magnitude
of pH changes in the mineral soil may explain the contradicting effects.
As liming strongly increased net nitrification rates (Gasche et al., 2002;
Melvin et al, 2013; Papen and Butterbach-Bahl, 1999), NOs
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concentrations in the organic layer and the mineral soil (Kreutzer,
1995), the inhibition of the N,O-reductase at enhanced nitrate concen-
trations (Bremner, 1997; Wild et al., 1995) may have caused an increase
of N3O emissions via denitrification in coniferous forest of south
Germany.

Although it is quite modest, the legacy effects of soil liming can
persist for several decades in the forest floor (Kellaway et al., 2022;
Persson et al., 2021, 1995; Silveira et al., 2021; Sridhar et al., 2022) and
leaves (Long et al., 2022), and appeared to increase the risk of frost and
drought damage (Huettl and Zoettl, 1993), nutrient imbalances in Mg, K
and P (Berger et al., 2016; Court et al., 2018), therefore, long term post
liming effects on forest vitality might deserve more attention (De Marco
et al., 2022).

3.2. Harvesting (selective cutting and clear cutting)

Partial or complete removal of trees from intact stands, either
through management or through wind, drought, or insect outbreaks, has
a dramatic impact on ecosystem N cycling and N losses due to the
temporal partial or full removal of the plant N sink (Dirnbock et al.,
2016; James et al., 2021; Valipour et al., 2021). Forest stand replace-
ment has drastic effects on N cycle resulting in N loss to the ground and
surface water and elevated gaseous N emission from the soil (Fig. 1). In
Europe clear-cut felling is still the dominant practice and only approx-
imately 30 % of the managed forest area belongs to continuous cover
forestry (W. L. Mason et al., 2022). Similar effects from stand replace-
ment on N cycling are also apparent after disturbances events such as
elevated DIN in catchment runoff as reported for bark beetle and storm
disturbances, e.g., in the Bavarian National Park (Beudert and Gietl,
2015; Jung et al., 2021) and the Kalkalpen National Park in Austria
(Dirnbock et al., 2020; Hartmann et al., 2016). Thus, studies on the
interactive effects of long-term chronic N deposition with
stand-replacing disturbances are still timely (Schleppi et al., 2017). Even
more, since in Europe’s forests, disturbances from wind, insects (mostly
spruce bark beetle) and fires are expected to further increase with
ongoing climate change (Patacca et al., 2023; Senf et al., 2018). These
disturbances, further interact with forest management. While the plant
N sink is removed, mineralization of organic matter in the forest floor or
mineral soil continues or may even be accelerated due to more favorable
micro-climatic conditions, which results in a strong increase in the
availability of mineral N (but as well of dissolved organic N, DON) for
microbial processes and environmental N loss pathways (James et al.,
2021; Kreutzweiser et al., 2008; Prescott, 1997; Valipour et al., 2022).

Clearing or thinning as well as disturbances causing tree mortality
will significantly reduce root N uptake due to the lower fine root
biomass of tree saplings and accompanying vegetation compared to
mature trees. As the shade effect of the canopy is lacking, higher soil
temperatures may be observed at least during the growing season. Also,
higher peak and average soil moisture values have been observed
following clear- or selective cutting due to reduced plant root water
uptake, plant transpiration and interception (Hashimoto and Suzuki,
2004; Kovacs et al., 2020; Tanaka and Hashimoto, 2006). In conse-
quence, also soil water fluxes increase sharply. E.g. Piirainen et al.
(2002) reported that annual percolation rates following clear-cutting of
a boreal forest with a dense undergrowth of dwarf shrubs and Vaccinium
myrtillus increased by about 6-9 % below the main rooting zone. In a
study reporting on a comparison of soil water and nutrient fluxes at
clear-cutted and control sites of spruce forest stands without significant
undergrowth in South Germany, Huber et al. (2004) found an increase of
the percolation rate in 40 cm soil depth, i.e. below the main rooting
zone, of about 20-40 % in the first three years after cutting. Similar
increases in percolation of 20-50 % following clear-cutting have been
observed in other studies as well, e.g., for a Douglas-fir plantation in
France (Ranger et al., 2007), an oak forest in Greece (Ganatsios et al.,
2010) or a Norway spruce stand in Ireland (Huber et al., 2010).

The changes in micro-climate as well as the availability of harvest
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residues and decaying tree roots, significantly affects soil microbial C
and N turnover processes by increased rates of organic matter miner-
alization (e.g. Kreutzweiser et al., 2008; Mayer et al., 2020; Piirainen
et al., 2007). While clear-cutting may slow down the decomposition of
leaf litter, specifically of coniferous needles, likely due to the accelerated
drying out of the organic layers (Jerabkova et al., 2011), soil mineral N
as well as DON (and DOC) concentrations have often been found to in-
crease, specifically nitrate concentrations in the organic and upper
mineral soil layers (Bergholm et al., 2015; Huber et al., 2010, 2004).
This points towards the stimulation of organic matter mineralization
and nitrification. However, the meta-data analysis by Jerabkova et al.
(2011) on published studies investigating clear-cutting effects on soil
N-dynamics didn’t reveal significant effects on N mineralization. On the
other hand, Jerabkova et al. (2011) as well as most other studies found a
significant stimulation of nitrification rates (e.g. Smolander et al., 2019;
Tormanen et al., 2018) and significant increases in soil water NHZ and
NOj3-concentrations (e.g. Huber et al., 2010; Matejek et al., 2010; Vali-
pour et al., 2022). Given that soils generally have a much greater cation
than anion exchange capacity and in view of increased percolation rates
following clear-cutting, NO3 rather than NHZ is dynamically relocated
along the soil profile and finally leached. Increased rates of nitrate
leaching were observed specifically in the first- or second-year following
clear-cutting (Bergholm et al., 2015; Huber et al., 2010), with NO3
leaching rates gradually decreasing with increasing plant biomass and
returning to values before clear-cutting within about five years (e.g.
Huber et al., 2010). Observed annual peak fluxes of NO3 leaching were
reported to be as high as 170 kg NO3-N ha~! yr~? following clearing of a
N saturated spruce forest stand in South Germany (or 10-fold higher as
compared to an undisturbed control stand) (Huber et al., 2010), though
in most other studies much lower peak leaching rates in a range of
2-10 kg NO3-N ha~! yr~! were reported (8 kg NO3-N ha* yr ™!, Norway
spruce stand in Sweden (Bergholm et al., 2015); 2-10 kg NO3-N ha™!
yr~l, meta-analysis by Jerabkova et al. 2011, considering boreal and
temperate forests). Observed differences in N leaching losses following
clear-cutting may be attributed not only to differences in climate, soil
edaphic conditions or history and magnitude of atmospheric N deposi-
tion (MacDonald et al., 2002), but also depend on ground vegetation
biomass and forest re-growth dynamics and the presence, distribution
and abundance of logging residues (Bergholm et al., 2015; Smolander
et al., 2019).

Estimates of N uptake by intact forests can be derived from mea-
surements of N in litter-fall and forest growth rates. Based on observa-
tions by the pan-European forest monitoring network of the
“International Co-operative Programme on Assessment and Monitoring
of Air Pollution Effects on Forests” (short: ICP-Forest), the annual litter-
fall at 1604 forest monitoring sites across Europe was about 4 tons ha™!
yr~! (Neumann et al., 2018). Litter-fall values are approximately 3 tons
ha~! yr~! for North-European coniferous and broadleaved forest stands,
while for South- and Central European broadleaved forest stands values
of litter-fall range mostly between 4.5 and 5 tons ha™! yr!. Across all
climate zones the average N content of the total litter-fall is about
1.04 % (Neumann et al., 2018). This means, that on average 40 kg N,
mainly organically bound, returns to the soil by aboveground litter-fall
mostly in autumn. In addition, also annual fine root litter production
should be considered. Annual fine root production by forests has been
estimated at about 4 tons ha ™! yr’1 (Addo-Danso et al., 2016). Though
significant differences between different forest types in various climates
do exist, total nitrogen contents in fine root litter are likely to amount to
30-50 kg N ha™! yr™! in addition to aboveground litter (e.g. Kreutzer
et al., 2009; Yuan and Chen, 2010). Fixation of N in the growing forest
biomass is in the range of 5-10 kg N ha ! yr™!, i.e. about 5-10 % of
annual litter-fall, while the remaining N, about 30-100 kg N ha™! yr~!
dependent on forest type, age and site properties, is returned to the soil
as litter, predominantly in form of organic N. The N requirements of a
mature forest stand is predominantly met by root N uptake, though
foliar N uptake in the canopy may be substantial (Ferraretto et al.,
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2022). E.g., Kreutzer et al. (2009) estimated root N uptake by a mature
spruce forest in Southern Bavaria at 129 + 26 kg N ha™! yr~! and foliar
N uptake at about 8 kg N ha~! yr?, indicating that the N demand of the
forest stand is mostly covered by root N uptake, with soil N being pro-
vided by the mineralization of above- and belowground litter. Therefore,
effects of harvesting on forest N are impact both soil and plant N
turnover.

So far minor attention has been given to the alteration of N-GHGs
(N20) exchange induced by specific forest management practices such as
selective cutting and clear cutting. Forest clear cutting is a commonly
used management practice for timber harvesting worldwide (Ma et al.,
2013; Rosenvald and Lohmus, 2008) and particularly in temperate and
boreal forests (Keenan et al., 2015), but other methods like selective
cutting are increasingly discussed and implemented (Pukkala et al.,
2009). So far, most of the still few investigations of the alteration of soil
N-GHGs exchange after clear cutting and selective cutting events are
short-term studies covering about 1-3 years. At the Hoglwald spruce
forest N3O emission changes were followed for 12 years after
clear-cutting and selective logging (30 % biomass harvest) events and
compared to the control. The effects of clear cutting on soil NyO emis-
sions were significant for at least 10 years after logging, with emissions
being increased on average by 147.6 % as compared to the control site.
Short-term increase of NyO emissions after full forest harvesting is a
general phenomenon and was also observed by others (e.g. Korkiakoski
et al., 2019; Zerva and Mencuccini, 2005), but could not be confirmed
by Tate et al. (2006), who explained the rather small increase of N2O
emissions by the highly porous and free draining volcanic soil. However,
it is difficult to compare different thinning studies as the method of
thinning varies, which affects the measured greenhouse gas fluxes
(Mazza et al., 2019). Compared to clear cuts, selective cutting shows
much lower or even no increases of soil NoO emissions, with effects
diminishing 2-3 years after removal of part of the trees (Korkiakoski
et al., 2019; Mazza et al., 2019). Increased soil water content, enhanced
soil C and N cycling and shifts in microbial populations involved in N
cycling (nitrification and denitrification) were found to be responsible
for the observed changes in soil N2O emissions (e.g. Zerva and Men-
cuccini, 2005). At the Hoglwald forest site, clear cutting and associated
multi-year increases in soil NoO emissions and reductions of the soil CH4
oxidation activity (Wu et al., 2011) reduced the overall GHG sink
strength of the forest over the entire rotation period by 3 %, which
agrees with numbers of Peichl et al. (2010) reported for a forest chro-
nosequence study. Even though this seems to be a tiny number, it is
significant and can be strongly reduced if forest renewal is done by se-
lective cutting.

With climate change even becoming more important in future, in-
teractions with the N cycle will obvious tighten and will also affect N
leaching and gaseous N losses under the different forest management
systems (Dirnbock et al., 2017, 2016; Porter et al., 2013). Knowledge on
these issues is still scarce and therefore further studies are required.

3.3. Changes of tree species composition

Mixed-species forests are intensively discussed as management op-
tion for large portions of monocultures in Europe and worldwide under
projected climate change (Pretzsch et al., 2021). Monocultures are often
associated with low ecological values, and high vulnerability to distur-
bances caused by anthropogenic climate change (Forzieri et al., 2021).
For instance, the preference to plant Norway Spruce in Europe has
resulted in even-aged single-species forests, which are much more
vulnerable to disturbances such as wind throw, parasite infections (e.g.
bark beetle) and fire than natural tree species mixtures would be (Krejza
et al., 2021; Thom et al., 2018). Therefore, replacing or transforming
monocultures particularly the coniferous monocultures to mixed-species
forests has long been recommended (Felton et al., 2010; Hlasny et al.,
2021; Pretzsch et al., 2021). Apart from advantages in biodiversity,
resistance and resilience over monocultures (Liu et al., 2018), mixing
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tree species favour diameter growth increment (Piotto, 2008), increases
of the mean productivity compared to monoculture stands up to 50 %
depending on tree species, climate and soil fertility (Ammer, 2019;
Bielak et al., 2014; Blasko et al., 2020; Forrester et al., 2006; Pretzsch
and Schiitze, 2016).

Mixing had strong effects on above-ground nutrients status of indi-
vidual trees (Fig. 1) (Du et al., 2019; Richards et al., 2010; Thelin et al.,
2002). For instance, Richards et al. (2010) found more than half of the
mixed-species studies he surveyed reported a shift to greater
above-ground nutrient content of species grown in mixtures, particu-
larly when monocultures were mixed with nitrogen-fixing species. These
findings indicated increased resource-use efficiency (including nutri-
ents, water and light) in mixed forests compared to monocultures
(Richards et al., 2010). Mixing also had effects on below-ground part of
trees, for example root distribution and biomass, nutrient and uptake
preferences (Fig. 1). Spruce rooted more shallowly, whereas beech
rooted more deeply when they were mixed with each other (Rothe and
Binkley, 2001). Wambsganss et al. (2021) recently found mixing
induced less fine-root biomass than pure stands, but higher root length
density in the most nutrient-rich upper soil layer, which may support
higher resource uptake capacity in mixed compared to monospecific
stands. Knowledge on the effects of mixing on root nutrition is till scare,
but studies have shown calcium and N concentrations in beech and lime
(Tilia cordata, Tilia platyphyllos) roots were significantly positively
correlated with belowground root diversity (Lang and Polle, 2011).
Similarly, increased root C, N and inorganic phosphorus contents were
also observed in roots of Juglans regia, when it was mixed with No-fixing
Robinia pseudoacacia (Du et al., 2019). Moreover, the presence of
R. pseudoacacia enhanced the uptake capacity of Juglans roots for NO3
(Du et al., 2019).

Tree species can influence the soil nutrient status, microbiome and
gene abundance related to N and C cycling (Fig. 1) (Du et al., 2019; Kelly
et al., 2021; Kjgnaas et al., 2021; Vesterdal et al., 2008). Recently, Gil-
lespie et al. (2021) and Hedenec et al. (2023) found that tree species
identity, traits and their mycorrhizal association can either directly - via
litter chemistry - and/or indirectly - through litter- and root-mediated
soil properties - influence soil microbial functioning, which plays a
crucial role in key ecosystem processes. Instead of species diversity,
species identity was the most significant factor influencing soil C stock,
C/N ratio and pH in topsoil layers (Dawud et al., 2017). In addition, the
resilience of coniferous forest litter to biological degradation was shown
to be greater compared to litter from hardwood trees (Augusto et al.,
1998 and the references therein). Kjgnaas et al. (2021) found tree spe-
cies had significant effects on soil C and N concentrations, C/N, base
saturation, exchangeable acidity and cation pool in the upper mineral
soil layer. Norway spruce (Picea abies Karsten) and Scots pine favoured
the formation of Al-hydroxylated intergrades and, consequently,
enhanced the acidification of soils and weathering of Al in comparison
with the other tree species tested under the same condition (Augusto
et al., 1998). Studies have shown changing the dominant tree species
from conifers to deciduous trees results in lower N deposition because
conifers exert higher rates of canopy exchange (Draaijers et al., 1997;
Gundersen et al., 2012). Furthermore, as mentioned above DIN leaching
is relatively tightly linked to the soil C:N ratio (Dise et al., 2009b;
MacDonald et al., 2002), and tree species are next to atmospheric N
deposition the main determinant of the soil C:N ratio (Cools et al., 2014).
As an example, Templer et al. (2005) found, that N retention in the
different ecosystem pools varies between tree species in the Catskill
Mountains, USA. Braun et al. (2020) compared neighbouring stands of
Norway spruce and European beech and found significantly higher N
leaching rates under spruce compared to beech trees. Similarly, the
evergreen Sitka spruce (Picea sitchensis) was able to intercept atmo-
spheric SO, thereby leading to accumulations of excess sulphate in tree
foliage (Miller et al., 1991). This would point towards co-benefits of
forest adaptation with higher shares of broadleaf trees to climate change
and N management. However, Gundersen et al. (2009) reported that the
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lower soil C/N ratios offset the effect of throughfall N deposition and
thus N leaching did not differ between spruce and beech forests across
Denmark, indicating the importance of the N deposition history together
with tree species effects on soil N availability and leaching.

Regarding different tree species, NO emissions of coniferous stands
by far exceeded N2O emissions, while this is opposite for deciduous
stands with higher N,O than NO emissions (Butterbach-Bahl et al.,
1997) (Fig. 1). However, also considering N3 emissions Butterbach-Bahl
et al. (2002a) found that total N trace gas emissions with 14.0 and
15.5kg N ha™! yr~! for spruce and beech, respectively, did not differ
between the two forest stands. Overall, these results indicate a strong
differentiating impact of tree species on environmental conditions
controlling the ratio of NO to N3O to N, emitted from soil. In general, the
litter layer of coniferous forests is thick (MacDonald et al., 2002) and
well aerated and, thus, favouring nitrification induced NO emissions.
Conversely, due to compact and more moist litter layers, deciduous
forests rather support NyO production and NO consumption by deni-
trification (Gundersen et al., 2012; Pilegaard et al., 2006). However, the
high importance of Ny emissions representing 50-80 % of gaseous N
losses at the low number of measurements of this compound still ham-
pers our understanding of nitrogen cycling and budgets of forest eco-
systems, particularly when exposed to high loads of atmospheric N.
Considering increased soil moisture and N availability through stem-
flow, Butterbach-Bahl et al. (2002b) demonstrated higher N2O emissions
in the stem area of deciduous and to a lower degree in coniferous forests,
which could lead to an underestimation of up to 25 % if this effect is
disregarded. Further uncertainty in N trace gas emission estimates may
result from the periodicity of emissions. While NO emissions mainly
follow the seasonality of soil and air temperature (Medinets et al., 2019),
N2O emission budgets are mainly controlled by peak events such as
frost-thaw and re-wetting events in summer periods (e.g. Luo et al.,
2012). In addition, the effects of different microbial communities in
coniferous and broadleaved forests involved in gaseous N production are
likely also contributing to the observed differences between NO and N,O
emissions (Chen et al., 2019). Nevertheless, denitrification may not
constitute the main source of NoO under various climatic and biological
conditions (Berendt and Wrage-Monnig, 2023). Therefore, more
research is still needed in order to fully understand patterns of microbial
N-cycling and N-gas production/emission in forest ecosystems with
different tree species (Butterbach-Bahl et al., 2002a; Chen et al., 2024;
Hedénec et al., 2023; Gillespie et al., 2021).

Mixed forests provide more ecological and environmental advan-
tages over monocultures from stand to global levels, mixing does not
mean simply increase of tree species diversity. Depending on local
environmental conditions, complementary functional traits, and the
ecosystem goods and services of interest, mixtures should be carefully
designed with proper management (Blasko et al., 2020; Liu et al., 2018;
Schuler et al., 2017).

4. Summary and future perspectives

Forests globally, but specifically in China, SE Asia, Europe and parts
of North America have experienced high rates of N deposition (Bebber,
2021; Cen et al., 2024). Apart from the benefit of stimulating regional
growth (Etzold et al., 2020; Pretzsch et al., 2023), there are negative
effects of N deposition, that can affect tree and soil health and the ex-
change of C and N compounds between the biosphere, atmosphere and
hydrosphere. While current discussions of management practices are
often focusing on improving climate change resilience of forest stands,
recreational values and biodiversity, there is little recognition that each
forest management activity also directly affects ecosystem N cycling.
Limiting stand replacing disturbances is likely to reduce N losses, and
changes in tree species may also have direct effects on N retention (Ji
et al., 2023; Reverchon et al., 2015; Templer et al., 2005). Adaptation of
the forest sector towards tree species that are better to cope with future
climate is already underway and will continue in the future (Keskitalo
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etal., 2015; Kolstrom et al., 2011; Sousa-Silva et al., 2018; Verkerk et al.,
2020) and also has a higher potential to reduce N leaching and gaseous
losses. However, even species that today seem to be a way out of the
climate crisis also face performance uncertainties related to future
climate change as reported by Gessler et al. (2006) for European beech
and other dominant trees in Europe (Chakraborty et al., 2024). The
identified regional growth trends suggest adaptive management at the
regional level to achieve climate-smart forests (Pretzsch et al., 2023). It
is therefore important that any policy aimed at improving forest health
and greenhouse gas mitigation considers not only potential forest
management actions but also the feedback mechanisms of a future, more
variable climate. This is likely to increase the demand and complexity of
continental forest monitoring, such as the ICP Forests in Europe, which
has recently been discussed with regard to lack of complete and
harmonized measuring programs (EFI, 2021; EMEP, 2023; Ferretti et al.,
2024). It is problematic to make future projections of the impact of
lower levels of N deposition based on short-term studies using high
addition rates (Hogberg et al., 2006). Long-term ecosystem research
infrastructures, which are now being formally developed and imple-
mented in Europe (Dirnbock et al., 2019; Futter et al., 2023) are com-
plementary tools to deepen our understanding of this complexity
(Templer et al., 2022). It appears that no single treatment is effective in
lowering negative impacts of N deposition, and combinations of treat-
ments should be explored (Clark et al., 2019).
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