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Chapter 8

Impacts of nitrogen deposition on litter
and soil carbon dynamics in forests
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aSoil Biology Group, Wageningen University and Research, Wageningen, the Netherlands; bPlants and Ecosystems (PLECO), Biology Department,
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1. Introduction

Due to enhanced nitrogen (N) deposition, many forests in
the boreal and temperate regions, whose growth is usually
N limited (LeBauer and Treseder, 2008), have increased
their productivity. Tropical and subtropical forests can also
be N limited, but are more often limited by phosphorus
(P) or base cations (Cleveland et al., 2011; Kaspari et al.,
2008; Vitousek, 1984). As a consequence of higher N
availability, litter production has increased in many forests.
Even under the assumption of no effect of N on soil carbon
(C) dynamics, higher inputs in combination with un-
changed decomposition rates result in a higher stock of soil
organic C (SOC). During the last decades it has been
suggested that an intended (through forest fertilization to
increase productivity) or unintended (through atmospheric
N deposition) consequence of higher N availability in-
creases C sequestration in forests (Du and de Vries, 2023).
Higher N availability furthermore increases the respon-
siveness to the growing atmospheric CO2 concentration,
providing a negative feedback to further increases in at-
mospheric CO2. This beneficial effect of N addition on C
sequestration is larger if N deposition also retards decom-
position and soil C dynamics.

Recent reviews on C storage in (forest) soils were
published by Basile-Doelsch et al. (2020), Cotrufo et al.
(2021), and Hoffland et al. (2020). Major factors that in-
fluence C storage are (1) the recalcitrance (decompos-
ability) of the inputs; (2) the extent of microbial
modification of plant litter and the properties of microbial
necromass; (3) the extent of mineral protection against
degradation through associations of SOC with the mineral
phase; and (4) priming effects, being the acceleration (or
sometimes retardation) of SOC decomposition through
exudates. A meta-analysis of priming effects (Feng and

Zhu, 2021) suggests that addition of mineral N results in
negative priming effects. However, as most priming studies
typically last for a few months only, it is difficult to assess
how such effects translate into longer-term SOC dynamics.

For a long time the effect of N on decomposition was
considered positive as microbial decomposition was
assumed to be nutrient-limited, and especially N-limited.
This positive N effect almost reached the status of textbook
knowledge. After Fog (1988) published his review,
research focus shifted toward the rate-retarding effect of N
on decomposition and SOC levels. The number of studies
on the effects of N addition on soil C fluxes has been
steadily increasing over the last decades. Our understanding
of the mechanisms underlying these N effects has consid-
erably increased. Nitrogen deposition has both direct ef-
fects on soil processes, and indirect effects, due to changes
in litter quality, as manifested for instance in a lower litter
C:N ratio or higher litter N:P ratio (Sardans et al., 2016), or
due to changes in below-ground C allocation (Janssens
et al., 2010). Nitrogen deposition impacts on saprotrophic
soil organisms, through changes in species or functional-
group composition, abundance and (functional) diversity,
but also through changes in mycorrhizal fungal commu-
nities (Lilleskov et al., 2023). The saprotrophic community
composition and activity are determined by both environ-
mental characteristics (soil properties, climate) and the
nature and chemical composition of the inputs, often
captured under the concept of litter quality. Changes in the
quality of litter inputs, either because chemical properties of
litter change under the influence of N deposition or because
N deposition leads to vegetation shifts to plant species with
different litter qualities, are therefore connected to changes
in these biotic communities. Changes in litter quality,
combined with changes in saprotrophic communities, not
only result in changes in the quantity but also in the quality
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of SOC, as different C compounds are differentially
affected by N addition (see Section 5.3). Litter and SOC
quality changes are relevant for both C pools considered
intrinsically recalcitrant and C pools that strongly interact
with the mineral matrix. This latter factor therefore in-
dicates a major role for soil properties, such as mineralogy,
texture and pH.

Changes in microbial communities translate into
changes in the gene pool of the soil biotic community and
these can be assessed through genomics techniques. An
intermediate step, through assessing changes in the abun-
dance or activity of enzymes involved in the turnover of
SOC and the acquisition of nutrients from the organic C
pool, provides a more direct way to evaluate the impact of
N deposition on soil processes. Measurements of soil
respiration provide assessments of the changes in C
cycling, but separation between autotrophic and heterotro-
phic respiration is complicated. Activity changes can also
be detected by mass loss of litter confined in litter bags.
These three factors (assessing diversity, activity or the ge-
netic make-up of the soil biotic community) are of course
connected, however the nexus between these three factors
is not strong enough that measurement of one set can al-
ways be considered a reliable proxy for the other factors
(Chen and Sinsabaugh, 2021). When considering the im-
pacts of unintended N enrichment, it is relevant to distin-
guish between deposition of ammonium (NH4

þ) and nitrate
(NO3

�) with varying ratios over the globe (Schwede et al.,
2023), as it is likely that these forms of N have differential

impacts on microbial physiology, for instance the regula-
tion of oxidative enzymes (Osono and Takeda, 2001).

In this review we provide a comprehensive overview of
the effects of N deposition on litter and SOC dynamics. We
focus on the saprotrophic community (species composition,
abundance, and functional diversity), its links with pro-
cesses like respiration and mass loss of organic material in
relation to enzyme dynamics, and its links with the genetic
make-up of that saprotrophic community. We focus on
microbes (saprotrophic fungi and bacteria), but also briefly
review changes in soil fauna. Changes in the mycorrhizal
fungal community are dealt with, as their enzymatic capa-
bilities make a link with soil organic matter dynamics
(Lilleskov et al., 2023). We put the microbial community at
the center of our review to achieve a mechanistic focus. We
connect qualitative and quantitative changes in litter inputs
to effects on those microbial communities and link those to
differential sensitivity of various C compounds to N addi-
tion. Differential sensitivity of various C compounds is then
linked to soil properties, to understand the extent to which
different ecosystems are differentially affected by N
deposition. A graphical summary of the topics that are dealt
with, is provided in Fig. 8.1.

As noted above, reduction of organic matter decompo-
sition and increase of soil C sequestration have been pro-
posed as a beneficial side effect of N enrichment as
enhanced C sequestration could mitigate the effects of
climate change. At the same time, climate change (espe-
cially higher temperatures) impacts microbial physiology,

FIG. 8.1 Conceptual figure of the effects of N enrichment. The numbers within brackets indicate the sections where the topic is dealt with.
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accelerating decomposition, so interactions between N
enrichment and climate change are of potential concern. On
the basis of the available data we speculate on the conse-
quences of such interactions. Finally, in order to predict the
long-term consequences of N addition on the global C cycle
we cannot rely on empirical studies only. We discuss in
which (mechanistic) ways N enrichment is incorporated in
global models of C cycling. We end this review with a brief
summary and an outlook, where we indicate methodolog-
ical issues and major questions that have not been suffi-
ciently addressed.

2. Impacts of nitrogen deposition on
litter quality

As a consequence of N deposition, a gradual replacement
of ectomycorrhizal trees by arbuscular mycorrhizal trees
has been reported (Averill et al., 2018; Jo et al., 2019) a
process to which both N deposition and global warming,
which has a larger impact on N than on P availability,
contribute. Changes in tree species composition alter the
properties of leaf and needle litter, as aboveground litter
from arbuscular mycorrhizal trees is decomposed at a
higher rate than that of ectomycorrhizal trees, at least in
temperate forests (Keller and Phillips, 2019). N-deposition
driven shifts toward increasing dominance by arbuscular
mycorrhizal trees, however, at the same time result in
increased C accumulation in the mineral-associated organic
matter pool, countering the aboveground effect (Keller
et al., 2021). Tree species shifts therefore feedback to C
cycling processes, but effects are poorly known.

Next to changes in tree species composition, N enrich-
ment alters litter properties without plant species turnover. N
enrichment generally increases foliage Nmass fractions, and
hence reduce C:N ratios, and this change modifies organic
matter decomposition and N mineralization. Changes have
been reported for both leaf and needle litter and for fine roots.
Ameta-analysis by Van Diepen et al. (2015) indicated that N
addition significantly increased litter N mass fractions
(þ27%), but significantly reduced mass fractions of P
(�7%), Ca (�20%), Mg (�11%), and Mn (�24%). The
latter decline affectsMn dynamics and the enzymatic activity
of Mn-dependent peroxidases, involved in the breakdown of
lignin and lignin-like substances (Stendahl et al., 2017;
Whalen et al., 2018). Effects were larger for higher N addi-
tion rates (>100 kg N ha�1 year�1). Changes in Ca and Mn
mass fractions were significantly correlated with total accu-
mulated N. A recent meta-analysis by Mao et al. (2020)
largely confirmed these patternswith significant increases for
N and decreases for P, Ca, andMgmass fractions. There was
a notable difference in Mn, where the authors reported no
significant effect. Subdivision of their data indicated that N
addition increased Mn mass fraction in tropical forests
(þ26%), and had a marginally significant negative effect in

temperate forests (�15%). These data suggest that tropical
forests suffer less from disturbance of the C cycle under N
addition, but raise questions whether Mn leaching, due to N
addition-driven increases in acidity, causes reductions in Mn
availability.

A synthesis by Li et al. (2015) indicated that N depo-
sition increased fine-root N mass fractions (þ18%) while
reducing the C:N ratio (�14%). The changes in the
chemical composition of fine roots resulted in a lower
decomposition rate, an effect that was not quantified.
Changes in root litter quality are also driven by changes in
the abundance and species composition of (ecto-)mycor-
rhizal fungi on fine roots, but the available data do not
allow an assessment of the latter effect. Changes in C
chemistry under the influence of N enrichment have been
proposed, although the evidence is not straightforward. A
meta-analysis by Liu et al. (2016) suggests that N addition
increases both protein (þ26%) and lignin (þ7%) mass
fractions in plant tissues and in fresh litter. For trees the
effect of N addition on protein mass fraction was signifi-
cantly positive, but the effect on lignin mass fraction was
marginally significantly negative. Maaroufi et al. (2016) on
the other hand did not observe changes in the mass frac-
tions of hemicelluloses, cellulose and lignin in conifer
stands subjected to N addition.

Studies have provided evidence that the direct effect of
N deposition (through modification of soil properties) has a
larger impact than the indirect effect (through changes in
litter quality), but it is evident that both pathways reinforce
each other (Van Diepen et al., 2015).

3. Impacts of nitrogen deposition on
soil microbiota and fauna

3.1 Changes in abundance, (functional)
diversity or species composition of
microbiota

A first meta-analysis by Treseder (2008), based on 14
field studies in boreal and temperate forests, showed a
decline of around 20% in microbial biomass due to N
addition. The negative effect was larger with higher N
loading and in studies of a longer duration. Curiously,
studies in which bacteria and fungi were assessed sepa-
rately rather than as aggregated microbial biomass, did
not show a significant negative effect of N enrichment.
More recently, Zhou et al. (2017) synthesized responses
of soil microbial communities to N enrichment based on
134 papers that included 454 experiments. Their data set
included mostly forests (temperate to tropical) and
grasslands, with only a small number of experiments in
boreal forests and deserts. Averaged over all experiments,
N addition reduced microbial biomass C (�6%) and
increased microbial biomass N (þ3%). For forests Zhou
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et al. (2017) noted the same effects for boreal and
temperate forests, with a decline in microbial biomass C
and an increase in microbial biomass N. However, for
(sub-)tropical forests, N addition increased both microbial
biomass C and N. The negative effects of N deposition on
microbial biomass were larger in studies with a longer
duration. The analysis showed significant, nonlinear re-
lationships between microbes and N addition levels. At
lower N addition (less than 100 kg N ha�1 year �1) effects
on microbial biomass C were positive, whereas at higher
additions (between 100 and 200 kg N ha�1 year�1) effects
were negative. Microbial biomass N increased more
strongly than microbial biomass C at lower addition levels
(less than 100 kg N ha�1 year�1), and did not show
consistent patterns at higher additions. The microbial
biomass C:N ratio declined significantly at addition levels
more than 50 kg N ha�1 year�1. While N addition resulted
in significant acidification, regression analyses showed
that the changes in microbial communities were correlated
with increases in N availability, not with decreases in pH.

A recent meta-analysis by Sun et al. (2020) reported for
forests (aggregated over all forest types) a negative effect of
N enrichment on microbial biomass C and no effect on
microbial biomass N. The authors reported that effect sizes
for forests were similar to those for grasslands and crop-
lands, and reported an average effect size for all studies
(183 studies with 827 paired observations) of �12% for
microbial biomass C and no significant effect for microbial
biomass N, a slightly stronger effect on microbial biomass
C than reported by Zhou et al. (2017). The meta-analysis by
Jia et al. (2020) on N addition effects on microbial com-
munities in forests indicated significant declines in both
microbial biomass C and N. Aggregated over all ecosys-
tems, the analysis showed significantly larger negative ef-
fects on microbial biomass C in studies of longer duration
(four or more years) and in studies with stronger N loading,
and variable results for microbial biomass N and C:N ratio.
It is likely that the selection of papers for inclusion in these
three meta-analyses is responsible for (relatively) small
differences between these studies. All studies agree that N
addition significantly reduces microbial biomass C.

In the meta-analysis by Zhou et al. (2017), however,
the use of fatty acids (PLFAs) as a marker of microbial
biomass showed no significant change after N addition.
The soil microbial community can be divided in guilds
that consist of fast-growing, r-selected microbes with a
preference for labile materials and slow-growing, K-
selected microbes that are able to grow on recalcitrant
materials (Moorhead and Sinsabaugh, 2006). These
groups thus differ profoundly in their influence on soil C
cycling. Changes in these guilds are visible through
changes in the ratio between fungi and bacteria (F:B ratio)
or the ratio of Gram-positive and Gram-negative bacteria
(Gþ:G� ratio). Among microbial groups, fungi

(excluding arbuscular mycorrhizal fungi) declined
significantly (�6%) whereas bacteria significantly
increased (þ6%), resulting in a distinct lowering of the
F:B ratio. Among the bacteria, the Gram-positive bacteria
responded positively (þ16%), whereas the Gram-negative
bacteria were unaffected (0%), resulting in a higher
Gþ:G� ratio. The F:B ratio was more strongly negatively
affected by higher N enrichment levels, whereas the
opposite pattern was exhibited for the Gþ:G� ratio. As
fungi are generally considered to be better able to
decompose recalcitrant plant materials like lignin, a
decrease in F:B ratio with N loading suggests reduced
ability to degrade lignin, which results in a reduced litter
decomposition rate and thereby SOC accumulation.
Generally Gram-negative bacteria are considered to be
more opportunistic bacteria that use more labile C sources
than Gram-positive bacteria with a higher ability to use
more recalcitrant C compounds (Fanin et al., 2019;
Schimel et al., 2007; Zechmeister-Boltenstern et al.,
2015). However, Ho et al. (2017) noted that this division
in Gram-positive and Gram-negative bacteria is likely too
crude to capture changes in bacterial community compo-
sition along environmental gradients. Zhang et al. (2018a)
also analyzed a global data set with 1408 paired obser-
vations from 151 studies. They noted a significant decline
with N enrichment in total microbial biomass (�13%),
bacterial biomass (�17%), and fungal biomass (�19%),
resulting in a marginally significant decline in the F:B
ratio, whereas the Gþ:G� ratio remained unchanged. The
microbial biomass C:N ratio declined significantly. Ef-
fects were larger with higher N application and in ex-
periments with a longer duration. Their paper did not
allow ecosystem type-specific evaluation. Jia et al. (2020)
noted, for forests, no significant decline in biomass of
PFLAs as marker for microbial biomass, and a decline of
bacteria, but no effects on fungi and the F:B ratio.

A meta-analysis by Wang et al. (2018) showed that N
addition in forests resulted in a significant decrease in
species richness of bacteria, while no data were available
for fungi. Diversity of fungi was negatively affected by N
addition, whereas no significant change was reported for
bacteria. The authors assessed the impact of N addition on
bacterial and fungal groups, aggregated over all ecosystem
types. In most cases the responses were variable and not
significant. Only the relative abundance of Acidobacteria
and Nitrospirae significantly declined after N addition,
whereas the changes in eight other bacterial orders were not
significant. In a forest subjected to chronic N deposition
there was no effect of N enrichment on Acidobacteria, but
on lower taxonomic levels changes in species composition
were noted (Turlapati et al., 2013). Similarly N addition did
not affect the relative abundance of Ascomycota and
Basidiomycota, but the very large confidence intervals
indicate that the generality of this conclusion is still
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uncertain (Wang et al., 2018). Nitrogen addition decreased
the abundance of Agaricales (Basidiomycota), consisting of
both ectomycorrhizal and ligninolytic saprotrophic fungi,
resulting in a slowing down of lignin breakdown (Argiroff
et al., 2019). Wang et al. (2018) also noted a highly sig-
nificant relationship between the changes in microbial di-
versity and microbial biomass C, implying that N addition
likely impacts on ecosystem function. Not many studies
have been executed to assess how N deposition modifies
the structure of bacterial communities. Freedman and Zak
(2015) observed declines in bacterial species richness. The
bacterial communities exhibited a more clustered co-
occurrence network topology, implying increased biotic
interactions within that bacterial community. However, as
the bacterial metagenome did not exhibit modified prop-
erties, it is likely that there is sufficient physiological
redundancy in bacterial functioning after N enrichment.

Changes in species richness and species diversity of
bacteria and fungi after N addition were analyzed by Yang
et al. (2020). In their study, N addition significantly
decreased bacterial and fungal species richness in forests,
but diversity of both groups was significantly increased,
likely caused by vastly increased evenness, a hypothesis
not further discussed by these authors. For both species
richness and diversity of bacteria and fungi, the effect was
strongest in the short term, and attenuated after 10 years,
suggesting that the experimental treatments caused a strong
initial disturbance. Variation partitioning indicated that pH
and SOC content were major soil properties that affected
species richness and diversity. The analysis finally showed
that for effects on fungal species richness and diversity the
method of assessment was important, as 454 pyrose-
quencing and Illumina sequencing yielded different effects.
Meta-analyses such as by Yang et al. (2020) should
therefore be interpreted with caution.

Many studies on species richness of microbial com-
munities after N enrichment are based on sequencing of the
ribosomal genes, but this method has the disadvantage that
it also amplifies nonactive microbes. A better, but less often
used method, is therefore sequencing of RNA as an esti-
mate of the active microbial community. Freedman et al.
(2015) noted that, based on DNA sequences, N addition did
not reduce bacterial or fungal species richness. With RNA
methods, however, fungal species richness was signifi-
cantly reduced (�8%), while no effect on bacterial species
richness was noted.

Fruitbodies of saprotrophic Basidiomycota can also
be used as indicator for N enrichment. Simmel et al.
(2017) proposed indicator values for N for these fungi.
Changes in the abundance of saprotrophic Basidiomycota
is correlated with their classification as nitrophobic or
nitrotolerant (Kuyper, 2013). Evidence of high sensi-
tivity of ligninolytic fungi to N enrichment was provided
by Entwistle et al. (2018a). Their observations provide an

explanation that with N enrichment, breakdown of lignin
and lignin-like substances is hampered, as a consequence
of which SOC accumulates. An early study by Morrison
et al. (2016) demonstrated that chronic N enrichment
stimulated the abundance and diversity of saprotrophic
Ascomycota, a group of fungi with lower ligninolytic
capabilities than Basidiomycota. Morrison et al. (2018)
subsequently noted that in a temperate forest that was
exposed to more than two decades of N enrichment, six
saprotrophic fungal species of unknown taxonomic
affiliation significantly declined due to N enrichment and
that their decline was correlated with a strong decline in
oxidative-enzyme activity, involved in the degradation of
lignin. At the same time saprotrophic fungi with a lower
ligninolytic potential were favored. Selection of fungi
with a lower capacity for degradation of complex C
compounds as a consequence of N enrichment was also
reported by Treseder et al. (2021).

Next to changes in the saprotrophic fungal commu-
nity, N enrichment has even larger negative impacts on
the ectomycorrhizal fungal community (Lilleskov et al.,
2019, 2023). Such changes, and especially those in the
nitrophobic genus Cortinarius, have direct impacts on C
cycling. Lindahl et al. (2021) showed that the presence of
C. acutus was associated with patches with significantly
lower C stocks, and suggested that its their decline
therefore favors C accumulation. The decline in Basi-
diomycota and especially the order Agaricales after N
enrichment, as reported by Entwistle et al. (2013) could
have been due to either a decline in ectomycorrhizal or
saprotrophic fungi.

Meta-analyses can demonstrate generalized effects of N
enrichment on soil microbial communities (but see Section
7 for a critical reflection on the use of meta-analysis), but
due to limited data availability, they can currently not
determine whether these changes are primarily driven by
changes in soil properties or by changes in litter quality. It
is therefore strongly recommended that studies on the ef-
fects of N deposition provide data on both changes in soil
properties and changes in litter properties (Vicca et al.,
2018). Maaroufi et al. (2017) demonstrated that litter
decomposition rates were reduced independent of litter
origin, when litter was placed in high-N plots compared to
low-N plots, thus demonstrating the dominant role of
changes in soil processes due to N enrichment. Correlations
between decomposition rates and microbial groups (fungi,
Gram-negative bacteria) showed that N addition changed
microbial communities (composition, biomass) that resul-
ted in lower C dynamics, a result that was similar to that
obtained by Treseder (2008). Data by Hobbie et al. (2012)
on the other hand demonstrated an initial role for both litter
origin and external N supply in enhancing initial decom-
position rates, but only a role for external supply on the
final undecomposable fraction.
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3.2 Changes in species composition,
abundance or functional diversity of soil
fauna

As a consequence of N-induced changes (declines) in mi-
crobial biomass, soil fauna (especially nematodes, micro-
arthropods like mites and springtails, and earthworms), that
feeds on those microbes, will likely be negatively affected.
Shaw et al. (2018) reported an increased nematode abun-
dance, but reduced species diversity due to N enrichment in
a subalpine coniferous forest. They reported a shift toward
bacterivorous nematodes, implying a decline in the F:B
ratio. Gan et al. (2013) studied the effects of N addition on
microarthropod abundance in temperate broad-leaved for-
ests. N enrichment reduced the abundance of micro-
arthropods with almost 50%, possibly because of the
reduced energy that enters the saprotrophic soil food web
when decomposition is retarded. There were species-
specific responses to N deposition in oribatid mites. How-
ever, there were no effects of N enrichment on species
richness. The decline of microarthropods coincided with a
reduced decomposition of confined leaf litter, although an
additional role of soil fauna in reducing litter decomposi-
tion could not be determined. The scarce literature in that
regard is not consistent. Zhang et al. (2016a) noted that N
addition and exclusion of soil fauna both reduced litter
decomposition, but there was no interaction between both
factors. A recent study by Liu et al. (2021) on the other
hand reported a significant interaction between soil meso-
fauna and N addition on decomposition rate. More research
seems required to understand the extent to which N depo-
sition driven changes in microbial abundance and compo-
sition cascade through the saprotrophic food web.

4. Effects of nitrogen deposition on
enzymatic activities

In this section we deal with five classes of enzymes, viz.
hydrolytic enzymes (e.g., cellulases), oxidative enzymes
(e.g., peroxidases), chitinases and amino peptidases (two
classes of enzymes associated with the acquisition of N
from either microbial necromass or proteins), and phos-
phatases (enzymes associated with the acquisition of
phosphorus from organic sources).

The rationale for separating hydrolytic and oxidative
enzymes, both of which are involved in C cycling, is the
fact that the first class of enzymes liberates or degrades C
compounds that are associated with high microbial carbon
use efficiency (CUE), and where the C is used for both
catabolic and anabolic purposes. Oxidative enzymes on the
other hand are associated with low CUE, and as a result the
oxidation of these compounds is only associated with

catabolic processes. It is often stated that oxidation of lignin
does not generate energy and that very little C (at best) is
used for the production of microbial biomass (Margida
et al., 2020; Moorhead et al., 2013a). The main benefits of
oxidative activity are that it either liberates other C com-
pounds (cellulose is largely inaccessible to microbial attack
due to its strong protective association with lignin) that then
is used for the build-up of microbial biomass or liberates
organic N and P, a process especially relevant for soil
microbes that are nutrient-limited rather than C-limited
(energy-limited) such as mycorrhizal fungi (Kuyper,
2017; Lindahl and Tunlid, 2015). These contrasting effects
of oxidative activity, viz. enhanced C access for sapro-
trophs and enhanced N access through mining for ecto-
mycorrhizal fungi, explains what Bonner et al. (2019)
considered a counterintuitive result of N enrichment. In
their model, alleviation of N limitation after N addition
resulted in enhanced rather than reduced oxidative-enzyme
production. Bonner et al. (2019) as an alternative suggested
that N shifts the balance between white-rot fungi, who
produce peroxidase, and brown-rot fungi, who produce iron
reductases and hydrogen peroxide. However, the fact that
upregulation of this nonenzymatic mechanism of lignin
degradation by brown-rot fungi occurred only in one sea-
son, makes the hypothesis weakly supported. The major
role of oxidative activity for N-mining by ectomycorrhizal
fungi is consistent with the differential effects of N depo-
sition on C dynamics in ectomycorrhizal and arbuscular
mycorrhizal forests.

Recognizing two classes of enzymes associated with the
organic N cycle is relevant in the light of the view of
changing perspectives of the nature of soil organic matter,
where plant necromass is increasingly considered as less
important than microbial necromass (Hoffland et al., 2020).
Next to changes in individual enzymes, stoichiometric
considerations come into play, as it is the balance between
the acquisition of C, N, and P that determines microbial
fitness (Moorhead et al., 2012). In stoichiometric ap-
proaches both the ratio between hydrolytic and oxidative
enzymes, and the ratios between enzymes involved in the
acquisition of C (restricted to hydrolytic enzymes), N and P
are considered. One of the first examples of such a stoi-
chiometric approach to enzyme activity was provided by
Sinsabaugh et al. (2002) who noted that N enrichment
shifted enzyme activity from oxidative to hydrolytic ac-
tivity, and away from N acquisition toward P acquisition of
organic sources.

Studies that went at a deeper level of understanding
enzymatic properties, through assessment of N enrichment
effects on MichaeliseMenten properties (Vmax and Km),
have not been reviewed as there is still too little information
available to allow generalization.
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4.1 Changes in oxidative enzymes

Reduced activity of phenol oxidase and ligninolytic activity
after N addition was first described by Carreiro et al.
(2000). Based on a data set of 40 studies Chen et al.
(2018b) observed that N addition resulted in a significant
decrease of oxidative enzymes (lignin-modifying enzymes,
including peroxidase, phenol oxidase, and polyphenol ox-
idase), and increase in hydrolytic enzymes (cellulases) that
went together with an increase in SOC stocks. Jian et al.
(2016), based on 65 studies, reported similar outcomes, i.e.,
an increase in hydrolytic enzymes and a decrease of
oxidative enzymes. A subdivision of their dataset for
various ecosystem types (forest, grassland, shrubland,
farmland) showed a significant increase in hydrolytic en-
zymes and a significant decrease in oxidative enzymes due
to N addition in forests. Chen et al. (2018b) also observed a
highly significant negative correlation between the amount
of oxidative enzymes on the one hand and C accumulation
on the other, explaining 40% of the variation in N addition
effects on C stocks. The reduction of oxidative enzymes
had a major effect on the recalcitrant SOC pool. Sinsabaugh
(2010) and Sinsabaugh et al. (2005) earlier described the
linkages between N enrichment, reduction of phenol oxi-
dase and peroxidase, and accumulation of SOC.

Chen et al. (2018b) noted that N addition, by reducing
the production of oxidative enzymes and/or by increasing
the production of hydrolytic enzymes, aggravated microbial
C limitation. Both processes result in a faster decline of
substrate quality under N addition. The faster decline in
substrate quality drives a decline in CUE by microbes,
resulting in a lower microbial biomass and especially of
(basidiomycete) fungal biomass, the groups with the higher
capacity to produce oxidative enzymes.

While it is unknown to what extent oxidative activity in
forest ecosystems is due to ectomycorrhizal and sapro-
trophic fungal activity, it is likely that both lignin modifi-
cation and degradation (to increase access to shielded
cellulose) and modification and degradation of humic
substances (to increase access to nutrients in organic forms)
are relevant. A possible major role for ectomycorrhizal
fungi is suggested by observations that N addition has
stronger negative effects in (ectomycorrhizal) forests than
in grasslands that are dominated by arbuscular mycorrhizal
fungi, fungi that do not produce oxidative enzymes (Sin-
sabaugh, 2010). The observations by Lindahl et al. (2021)
about a positive correlation between the abundance of the
ectomycorrhizal fungal species Cortinarius acutus and low
SOC pools, and the nitrophobic character of Cortinarius
species, is consistent with a major ectomycorrhizal role.
Similar results were reported by Argiroff et al. (2022), who
noted significant negative correlations between abundance
of ectomycorrhizal fungi with peroxidase activity, and soil

inorganic N availability, lignin-derived soil C, and SOC.
Waldrop et al. (2004) and Waldrop and Zak (2006) found
that N addition decreased oxidative enzymes and increased
the SOC in forests dominated by ectomycorrhizal trees, but
increased phenol oxidase and reduced SOC stocks in stands
dominated by arbuscular mycorrhizal trees. Their data thus
point to the importance of mycorrhizal status when
assessing effects on N enrichment on soil C fluxes (Suz
et al., 2021).

Some peroxidases need Mn as cofactor, and positive
correlations between Mn availability and litter decompo-
sition have been established (Stendahl et al., 2017; Whalen
et al., 2018). Whalen et al. (2018) reported a strong cor-
relation between Mn availability and the activity of
peroxidase and phenol oxidase, implying that N-induced
reductions in Mn availability are a major driver for
reduced oxidative activity under N enrichment. However, it
is not yet well known whether and how N enrichment and
the resulting acidification (Tian and Niu, 2015) modify the
availability of Mn. The roles of Mn in both stabilizing and
destabilizing SOC demand further study (Li et al., 2021).

4.2 Changes in hydrolytic enzymes

A meta-analysis based on 62 publications indicated that
four hydrolytic enzymes (a-1,4-glucosidase, þ20%; b-1,4-
glucosidase, þ11%; b-D-cellobiosidase, þ22%; and b-1,4-
xylosidase, þ13%) were stimulated by N addition (Chen
et al., 2017), resulting in an average increase of 13% in
hydrolytic-enzyme activity. For each of these enzymes
there was a positive correlation between fractional increase
in enzyme activity and fractional increase in soil respira-
tion. However, the positive effect on enzyme activity was
around 2.5 times larger than the effect on soil respiration,
indicating that changes in other enzymes have to be
considered as well. The data showed that the beneficial
effect increased over time and with N dose. Their analysis
included all forms of N enrichment and showed that
organic N sources have a larger effect than mineral N
sources. Analysis of the data of mineral-N addition showed
a significantly positive effect of addition of NH4NO3,
whereas the effects of both ammonium and nitrate were not
statistically significant, an effect that was not explained.
Restriction of the dataset to forests showed a smaller
stimulation of enzyme activity of 6% possibly due a lower
representation of studies that included application of inor-
ganic N.

Taken together these meta-analyses show a shift, under
the influence of N addition, away from oxidative activities
and toward hydrolytic activities, consistent with the orig-
inal report by Sinsabaugh et al. (2002). This shift initially
enhances but later retards litter decomposition, as the
opposite effects of both classes of enzymes result in a
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decoupling of the degradation of lignin and cellulose, and
as a consequence a faster decline of litter quality and a
lower limit value.

4.3 Changes in enzymes associated with
nitrogen acquisition from organic sources

Enrichment with mineral N likely decreases microbial in-
vestment in enzymes associated with the acquisition of N
from organic sources. Changes in activities of enzymes that
are involved in N acquisition from proteins, such as leucine
aminopeptidase or glycine aminopeptidase, and enzymes
involved in N acquisition from microbial necromass, such
as chitinase (N-acetyl glucosaminidase), are therefore likely
indicators of effects of N enrichment on microbial abun-
dance and activity.

A meta-analysis by Chen et al. (2018b) indicated that N
addition in forests does not have an effect on the activity of
chitinase and leucine aminopeptidase, whereas glycine
aminopeptidase showed a reduction in activity. The meta-
analysis by Jian et al. (2016) did not show significant
changes in both classes of enzymes associated with N
acquisition. Frey et al. (2014) did not assay these enzymes
directly, but determined proteolytic activity by measuring
increase in amino acids after incubation. Their study
showed a significant decline in proteolytic activity (47%
e60%) with N addition. Lucas and Casper (2008) on the
other hand observed that N addition reduced oxidative
enzymes (as predicted), but increased proteolytic activity,
resulting in a significantly negative relationship between
phenol oxidase activity and proteolysis. It is not clear why
both studies contrast with the results of both meta-analyses.
Possibly the extent to which oxidative and proteolytic en-
zymes are produced by ectomycorrhizal and saprotrophic
fungi is part of the explanation.

4.4 Changes in enzymes associated with
phosphorus acquisition from organic
sources

Increased availability of mineral N due to N enrichment
likely results in an unbalanced acquisition of N and P, and
this results in a relative upregulation of phosphatases. Two
meta-analyses have been published on this topic. Jian et al.
(2016) reported an increase of þ11% under the influence of
N addition, which seems much lower than an earlier meta-
analysis by Marklein and Houlton (2012) who reported an
increase of þ46%. However, the latter data refer to un-
transformed data, while log-transformed data, in order to
comply with the demand of symmetry around the mean,
indicated an increase of 11%, being equal to results of Jian
et al. (2016). Consistent with this hypothesis of a shift away
from N-limitation toward P-limitation, Zhang et al. (2018b)
reported an increase in phosphomonoesterase activity as a

consequence of N additions and suggested that due to this
upregulation P limitation is alleviated. The effect occurred
both on P-poor and P-rich soils. That conclusion was rein-
forced by a meta-analysis by Chen et al. (2020), based on
140 studies with 668 observations, showing that N addition
alleviates P limitation as phosphatase activity increased with
13%. Restriction of the analysis to forest sites confirmed this
result. However, the effect is likely to be a short-lived
response, as studies lasting less than 5 years showed a sig-
nificant increase in phosphatase activity (þ28%), whereas
long-term N addition did not exhibit changes compared to
ambient conditions. The implication of this observation is
still under debate. Under the assumption that phosphatase
activity is a proxy for P-limitation, Chen and Moorhead
(2022) suggested that these data imply mitigation of P-
limitation over time. However, an alternative explanation
would be that long-term N deposition inhibits microbial
activity and that this negative effect overrides any enzymatic
upregulation, and that mitigation of P-limitation in the
longer term is unlikely. Ma et al. (2021) confirmed the
general positive response of N enrichment on phosphatase
production (þ8%) and a very strong difference between
short-term studies (lasting 3 years or less) and studies last-
ing 3e10 years (þ49% and �11% respectively). Separation
of AM and EcM forests showed that for AM forests there
was a positive effect of N enrichment on phosphatase ac-
tivity (þ28%), whereas for EcM forests there was hardly
any effect (þ4%, not significantly different from zero).
Unfortunately their Fig. 8 provides an incorrect image, as it
depicts a stronger positive response in the case of EcM trees
than of AM trees. For a heathland ecosystem, Kritzler and
Johnson (2010) reported increased phosphatase activity in
response to higher levels of N deposition, as a consequence
of which P acquisition was increased in the ericoid
mycorrhizal Calluna vulgaris, but this effect was not noted
for the arbuscular mycorrhizal grass Dactylis glomerata.
Whether alleviation of P limitation impacts C cycling is
currently unknown (Luo et al., 2022).

4.5 Changes in enzymatic stoichiometry

A simple way to address interactions between enzyme ac-
tivities under the influence of N addition is to assess
changes in enzyme ratios. The above treatment of the
various enzymes indicates that the balance of oxidative and
hydrolytic enzymes shifts in the direction of the latter class,
resulting in more rapid declines in litter quality and hence a
lower limit value, the amount of litter than can be decom-
posed, so a lower limit value translates into a larger SOC
pool. Similarly it is likely that N addition shifts the ratio of
enzymes involved in the acquisition of N and P of organic
sources, a mechanism through which microbes delay or
alleviate P limitation. Sinsabaugh et al. (2009) additionally
proposed to use the ratio of hydrolytic enzymes and
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organic-N acquisition enzymes and the ratio of hydrolytic
enzymes and organic-P acquisition enzymes. A more
formal approach to enzymatic stoichiometry has been
proposed by Moorhead et al. (2013b, 2016). Because
oxidative enzymes do play only a very limited role in the
acquisition of C for biomass build up, as the CUE of such
compounds is very low, most stoichiometric models do not
include oxidative enzymes. However, because oxidation of
recalcitrant, humic substances is a prerequisite step for the
activities of enzymes associated with the acquisition of N
and P from organic sources, correlations between oxidative
enzymes and organic-N and organic-P acquisition enzymes
can be expected. Sinsabaugh and Shah (2011) indeed noted
positive correlations between oxidative enzymes and
organic-N and organic-P acquisition enzymes, whereas no
relationship existed between oxidative and hydrolytic en-
zymes. A formal meta-analysis of N deposition effects on
enzymatic stoichiometry was published by Chen et al.
(2018b). Their meta-analysis, based on 36 studies, showed
that N addition did not change the ratio of C, N, and P
acquisition and did not alleviate P-limitation, but provided
evidence for increased C-limitation. As the number of
studies in forest ecosystems is very limited, these results
should be interpreted with caution.

4.6 Changes in functional genes

Apart from the use of next-generation sequencing to assess
the taxonomic composition of microbial communities un-
der the influence of N addition (discussed above), several
studies have assessed N addition impacts on functional
genes, either on DNA level or RNA level, which indicates
the actual expression of those genes. Entwistle et al.
(2018b) demonstrated that two decades of N deposition
modified the composition of fungal peroxidase genes. This
modification occurred simultaneously with lower decom-
position rates and increased accumulation of SOC. Zak
et al. (2019) reported substantial downregulation of genes
for peroxidases (a reduction with 60%e80%), which went
together with a reduction in peroxidase enzyme activity, but
without changing fungal species composition. As peroxi-
dases seem more sensitive than laccases to N enrichment
(Hassett et al., 2009; Hofmockel et al., 2007), it is possible
that soil microbial communities provide some resistance
against N enrichment. Shifts in laccase gene sequences, but
without decline in their relative abundance, under the in-
fluence of N fertilization have been recorded by Lauber
et al. (2009). Hesse et al. (2015) assessed transcript se-
quences of carbohydrate-active enzymes (CAZymes), and
noted changes as a consequence of N deposition, partly
through overexpression of bacterial CAZymes, partly
through suppression of fungal CAZymes related to ligno-
cellulose degradation. Whereas gene abundance of fungal
oxidases decreased as a consequence of N enrichment, gene

abundance of bacterial laccase-like multicopper oxidases
increased, which at least partly compensates for the losses
of oxidative capabilities of microbial communities under N
enrichment (Freedman and Zak, 2014). Moore et al. (2021)
observed that N enrichment increased fungal functional
genes for hydrolytic enzymes and reduced fungal func-
tional genes for oxidative enzymes, parallel to a shift in
enzyme activity, however Eisenlord et al. (2013) reported
similar decreases �15%) in the richness and diversity of
genes coding for hydrolytic and oxidative enzymes.

5. Effects of nitrogen deposition on
litter decomposition and soil
respiration

5.1 Changes in litter decomposition

Most studies on litter decomposition pertain to leaf and
needle litter decomposition. Studies on wood and on root
decomposition are underrepresented. This underrepresen-
tation is especially relevant for fine-root decomposition, as
the belowground inputs constitute the major fraction of
SOC (Basile-Doelsch et al., 2020; Jackson et al., 2017;
Rasse et al., 2005) both as a consequence of lower
decomposability or higher recalcitrance (Xia et al., 2015)
and of more intimate associations with the mineral-soil
matrix. Jackson et al. (2017) found large differences be-
tween root and shoot decomposition rates for agricultural
crops. Data for fine-root and leaf and needle litter decom-
position showed smaller differences (Kou et al., 2015),
although fine roots still decomposed at a lower rate than
leaf and needle litter.

Various meta-analyses about weight loss of confined
litter under the influence of N enrichment have been pub-
lished by Knorr et al. (2005) and Zhang et al. (2018b). The
meta-analysis by Knorr et al. (2005), based on 24 studies
with 500 observations, summarized studies that investi-
gated the effect of N enrichment on litter decomposition.
Their studies included not only forests but also grasslands
and tundra ecosystems. They noted a large range in re-
sponses, ranging from a 64% increase in decomposition
rate to a 38% decrease. Because of the large variation be-
tween studies there was no overall significant effect of N
enrichment on litter decomposition. Subdivision of the data
set indicated that studies that lasted less than 24 months
reported a significant increase in decomposition rate of 7%,
while studies lasting more than 24 months reported a sig-
nificant decline of 18%. They noted that the negative effect
of N addition was stronger for litter of lower quality, usu-
ally litters with higher lignin mass fractions and/or higher
C:N ratios. By averaging over studies, meta-analysis make
context-dependent impacts difficult to evaluate, as shown
by a recent meta-analysis of N deposition and decomposi-
tion, based on 55 studies with 3434 paired observations
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(Zhang et al., 2018). The authors noted no significant effect
of N enrichment on litter mass loss. However, their data
showed a significant correlation between the decline in
decomposition rate and the duration of the study. The
correlation between the amounts of N added and the change
in decomposition rate was not significant. However,
translating these outcomes to impacts of N deposition on
litter decomposition in forests is difficult, considering the
vary large range in application rates, ranging from 2 to
640 kg N ha�1 year�1 (average 123 kg N ha�1 year�1),
rates that are well above N deposition in forests.

While some studies have pointed out similarities in N
enrichment effects on litter decomposition in forests and
grasslands, a meta-analysis from China (Su et al., 2021)
indicated positive effects of N addition on litter decompo-
sition in grasslands (þ4%), but negative effects in forests
(�15%). A subsequent meta-analysis by Su et al. (2022)
confirmed positive effects in grasslands (þ4%) and much
smaller negative effects in forests (�1%) than in Su et al.
(2021), a difference that was not explained.

Exceptions to these patterns have been reported.
Vivanco and Austin (2011) observed strong positive effects
of N addition on litter decomposition of species of
Nothofagus and reported that after 24 months, decompo-
sition of lignin-richer litters were more stimulated by N
additions than litters that were lower in lignin mass frac-
tion. They therefore suggested that N enrichment in un-
polluted areas as in southern South America shows
divergent responses compared to forests in the industrial-
ized areas in the global north. A possible explanation is that
chronic N deposition is fundamentally different from a
rapid addition of N fertilizer, even though the authors used
urea as a slow-release fertilizer in order to mimic chronic N
deposition. A further possibility for the discrepancy is that
their study lasted 24 months, a period for which also Knorr
et al. (2005) reported stimulation of litter decomposition. A
meta-analysis by Bejarano-Castillo et al. (2015) on N
enrichment effects on the C cycle in tropical forests indi-
cated large differences between different ecosystems.
Decomposition was significantly enhanced in montane
rainforests, which are assumed to be more frequently N
limited, but reduced in lowland forests, where P or base
cation limitation is more likely.

Positive effects of N addition on the initial stages of
litter decomposition are generally explained through a
lowering of the litter C:N ratio. These observations are
supported by general theories of litter decomposition,
where in the initial decay stage saprotrophic organisms and
hence saprotrophic activity (decomposition) are nutrient-
limited, and more specifically N-limited, whereas in later
stages saprotrophic organisms and activity are energy-
limited, often referred to as C limited. Enzymatic data
(see above) are consistent with this mechanism. Chemical
analysis of both aboveground and fine-root litter that

decomposed under ambient and elevated N levels further
supports the indication that the negative long-term effect of
N addition is due to less efficient degradation of lignin-like
or acid-unhydrolyzable materials (Xia et al., 2017).

Whittinghill et al. (2012) looked into more detail how N
addition affects decomposition rates. They subdivided the
decomposition process in three stages, i.e., an initial stage
in which decomposition is limited by nutrients, especially
N (or P, in tropical forests, see Cui et al., 2021), a second
phase where decomposition is regulated by the decay of
lignin and the lignified carbohydrates, and a third phase of
very slow decomposition that can be approximated by a
constant fraction of remaining material. The amount of
litter that is decomposed when this asymptote is reached, is
known as the limit value (Berg, 2000). Their analysis
showed no effects of external N on the first phase of
decomposition. In the second phase an increase of cellulose
decomposition (þ9%) and a decrease of lignin decompo-
sition (�30%) was shown, but the decomposition rate of
the litter was not affected by N. In the final phase they
authors noted a larger undecomposable fraction as evi-
denced by a lower limit value from around 70%e60%.
Berg (2000) noted that the limit value in pine forests with
ambient N levels was on average around 80%, and in N-
fertilized stands around 70%, providing support for the
suggestion that the effect of N addition is primarily due to a
lowering of the limit value.

However, the model used by Whittinghill et al. (2012)
and the underlying concept of limit value is problematic.
The concept of an asymptote, a limiting value, was intro-
duced by Howard and Howard (1974) in their attempts to
fit decomposition data. The authors noted that weight loss
of confined litter indicates the ability of microbes to
decompose litter in the absence of soil fauna, and that limit
values therefore underestimate the amount of litter than can
be decomposed. Changes in the relative decomposition rate
of lignin and carbohydrates like cellulose, as happens as a
consequence of N deposition, modify the curvature of
graphs that plot mass remaining against time, and hence
mathematically, but not necessarily biologically, change in
the asymptote, that is the limit value. Furthermore,
modeling litter decay as separate stages with a residual
undecomposable fraction overlooks interactions between
litter components, for instance priming of SOC decompo-
sition under the influence of exudates. It is therefore
important to evaluate the effects of N addition on litter
decomposition in models that treat litter decay as a con-
tinuum, like the one proposed by Yang and Janssen (2000).

A meta-analysis of the effects of N addition on fine-root
decomposition was published by Fu et al. (2022), based on
20 studies, mostly from China, with 123 independent data
points. The analysis showed a general retardation of 20%,
with a slightly larger retardation for broad-leaf fine roots
than for conifer fine roots. The negative effect of N addition
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increased over time and increased with root lignin con-
centrations. Lignin concentration was the best predictor for
N effects on modifying fine-root decomposition. The au-
thors noted a larger slowing down of fine-root decompo-
sition when oxidative-enzyme activity by phenol oxidases
was more negatively affected by N deposition. Xia et al.
(2017, 2018) reported faster decay of fine roots of sugar
maple under N addition than under ambient conditions after
1 year, but a very significant slowing down afterward. After
3 years the decomposition constant under N addition was
15% lower than under ambient conditions. Both lower mass
loss and an enhanced interaction of remaining root material
with the mineral matrix (Zak et al., 2017) are major drivers
for SOC accumulation under N enrichment.

Due to N deposition, the abundance and species
composition of mycorrhizal fungi, especially of ectomy-
corrhizal fungi, change (Lilleskov et al., 2023). The liter-
ature on decomposability of ectomycorrhizas, compared to
nonmycorrhizal roots is inconsistent, with both claims that
ectomycorrhizas are more (Langley et al., 2006) and less
(Koide et al., 2011) recalcitrant than nonmycorrhizal fine
roots. Whether N deposition differentially affects decom-
posability of ectomycorrhizal and arbuscular-mycorrhizal
fine roots is currently unknown.

Decomposition of wood, a substrate with a very high
initial C:N ratio, is likely limited by N availability. Cord-
forming Basidiomycetes have the ability to import N into
decaying wood through their extensive mycelial networks
that scavenge the soil. Under such conditions N addition
could enhance the initial decomposition of wood blocks.
This hypothesis was confirmed by Bebber et al. (2011) for
two species of wood decomposer fungi colonizing blocks
of beech wood.

5.2 Changes in soil respiration

Soil respiration, the flux of CO2 from the soil to the at-
mosphere, is a major indicator of soil C dynamics. Soil
respiration consists of two fluxes, called autotrophic
respiration, CO2 production by living roots, associated
mycorrhizal fungi, and from exudates by roots and
mycorrhizal fungi; and heterotrophic respiration, CO2
production due to the breakdown of SOC. Several methods
exist to separate both fluxes (Halbritter et al., 2020; Hanson
et al., 2000; Ryan and Law, 2005), but different methods
potentially lead to divergent results (Zhou et al., 2014).
Root exclusion methods seem to overestimate the (nega-
tive) effects of N enrichment on heterotrophic respiration
and hence underestimate effects on autotrophic respiration
compared to isotopic methods. This is possibly so because
interactions between the drivers of both fluxes, through
priming of SOC decomposition and through ectomycor-
rhizal fungal activity on oxidation of SOC, are not
accounted for. The small number of studies, combined with

substantial variation within certain biomes makes further
investigation of potential methodological biases imperative.

In a first meta-analysis restricted to forest ecosystems
based on 20 N manipulation experiments, Janssens et al.
(2010) reported that under the influence of N deposition
both aboveground and belowground C inputs did not
change, whereas the soil C pool increased and microbial
biomass C decreased. They furthermore noted decreases in
soil respiration which was caused both by significant de-
clines in autotrophic and heterotrophic respiration. Based
on a subsequent meta-analysis of 139 studies, Zhou et al.
(2014) estimated the effect of N addition on soil respiration
in forests as slightly, but significantly negative (�1.4%).
Split in both components, N addition did not result in
significant changes in autotrophic respiration, but signifi-
cantly reduced heterotrophic respiration by around 20%.
Averaged over all biomes, the analysis showed that with
longer periods of N enrichment the decline in soil respi-
ration was larger. Long-term studies at the same site
confirm this time dependency of effects. Burton et al.
(2004) reported a positive effect of N enrichment on soil
CO2 efflux after 1 year, but negative effects in the subse-
quent fifth, sixth, and eighth years, an effect that they
attributed to reduced microbial heterotrophic respiration;
and by Bowden et al. (2004), who observed an increase in
soil respiration the first year after N amendment but a
substantial suppression (�41%) in the 13th year. Xing et al.
(2022a) in a plantation of Larix gmelinii observed a posi-
tive effect of N addition in the first year (þ8%), which
became subsequently negative and showed a strong nega-
tive effect (�21%) in the 11th year. They also noted a
much stronger negative effect with higher N loading and
suggested that such experimental treatments, which add
higher amounts than what is normally found in N deposi-
tion studies, likely overestimate the effect of N deposition
on C sequestration. Average annual temperature exerted a
large effect on soil respiration with cold sites exhibiting
more negative responses and warmer sites exhibiting less
negative or even positive responses to N enrichment (Zhou
et al., 2014). Increases in soil respiration after N fertiliza-
tion in a lowland tropical rainforest, as noted by Cleveland
and Townsend (2006), further support the hypothesis that
responses to N enrichment differ between boreal and
temperate forests, which are usually N-limited, and tropical
forests, which are more often P-limited. However, a meta-
analysis of N-rich tropical forests indicated that N addition
increased soil C stocks (Lu et al., 2021).

A major interactive effect between N addition and
annual temperature was suggested through the meta-
analysis by Zhong et al. (2016), where N addition had a
significantly negative effect on soil respiration in boreal
(�17%) and temperate forests (�7%), but no significant
effects on tropical forests. Again, this differential effect
could also be caused by differential nutrient limitation.
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Likely due to small sample size, the effects on heterotro-
phic respiration were not significant in all three forest bi-
omes, but averaged over all forest sites reductions in
heterotrophic respiration were larger with higher N addi-
tion. As boreal and temperate forests are often dominated
by ectomycorrhizal trees and tropical forests by arbuscular
mycorrhizal trees (Read, 1991), temperature is likely partly
be a proxy for differential sensitivity to N addition in for-
ests that are dominated by different mycorrhizal symbioses.
Support for this suggestion comes from the highly signifi-
cant correlation between changes in microbial biomass C
and changes in soil respiration. Scaling relations between
both properties are not fully understood. Ramirez et al.
(2012) reported for 28 different soils in North America,
from a broad range of ecosystems, a decrease in hetero-
trophic soil respiration by 11% and a decreased microbial
biomass of 35%. Such mismatches suggest that changes in
microbial C use efficiency (CUE) drive differential re-
sponses between both parameters. A study by Spohn (2015)
suggested that N addition does not affect microbial biomass
but results in a lower respiration per unit microbial
biomass. She compiled 14 studies with 48 observations on
the relationship between litter C:N and CUE and noted that
both parameters were significantly negatively correlated.
The study did not address the extent to which a low CUE at
high C:N is due to microbial N-limitation or a high CUE at
low C:N is due by repression of oxidative enzymes. A
theoretical approach by Ågren et al. (2001), supported by a
litter decomposition study in an N-fertilized forest, sug-
gested that both increases in decomposer CUE and more
rapid formation of poorly decomposable material (driven
by reduced oxidative capacity) are major causes of
observed increases in microbial CUE, with a smaller role
for a reduced growth rate by saprotrophic microbes. Their
results are in contrast with those of Riggs and Hobbie
(2016), who reported that N addition in grasslands did not
increase CUE or reduce oxidative enzyme activity, but
reduced microbial biomass that was considered the driving
factor for C accumulation under N addition. Declines in
microbial biomass under N deposition occur commonly
(Treseder, 2008). However, feedbacks between changes in
CUE and changes in microbial biomass are insufficiently
known. It is to be expected that initial increases in CUE
result in a faster decline of substrate quality, which sub-
sequently reduce microbial biomass and likely CUE of that
more recalcitrant material.

One major issue in the assessment of heterotrophic
respiration should be mentioned, i.e., that respiration data
are often expressed on an area basis (kg CeCO2 ha�1

year�1). If productivity and hence litter fall increase, litter
accumulates and there could be higher respiration per unit
area under N addition than under ambient conditions. This
effect of litter and humus accumulation could counter
negative effects of N enrichment on respiration per unit

carbon (g CeCO2 g
�1 SOC year�1) if increases in litterfall

outweigh reductions in respiration rate. It can be useful to
express the heterotrophic component of soil respiration rate
both per unit C and per unit area.

While changes in autotrophic respiration under N
deposition are not the topic of this review, it should be
noted that autotrophic respiration (or rhizosphere respira-
tion) consists of a plant component (often increased if N-
limitation for plant growth is alleviated and more
absolute root biomass is formed even though relative
allocation to fine roots is reduced) and a mycorrhizal fungal
component (where N enrichment results in a decline of
mycorrhizal biomass and respiration by the mycorrhizal
mycelium, which is most pronounced in the case of ecto-
mycorrhizal fungi, see Olsson et al., 2005, Vallack et al.,
2012; Lilleskov et al., 2023). Both changes in fine-root
mass and ectomycorrhizal fungal biomass affect hetero-
trophic respiration, because of changes in exudates that
prime the breakdown of SOC and changes in production of
oxidative enzymes that oxidize SOC, as was reported for
species of Cortinarius by Lindahl et al. (2021). Reduced
respiration in the rhizosphere due to N fertilization, which
ranged from �36% to �46% in the study by Phillips
(2007), may be attributable to such interactions between
mycorrhizal and saprotrophic fungi in the rhizosphere.

A subsequent meta-analysis by Zhou et al. (2016)
assessed main and interactive effects of global-change
factors on soil respiration and its components. In many
cases combinations of N additions and other factors of
global change (elevated CO2, higher temperatures) were
additive, and synergistic or antagonistic interactions were
much more rare. The analysis did not allow to specifically
assess the interactive effects of N and climate change in
forest ecosystems.

5.3 Differential effects of nitrogen deposition
on litter and soil carbon pools

While the literature has overwhelmingly reported the
negative effects of N deposition on soil C fluxes, the
question about differential sensitivity of various C pools
has received far less attention. In this section we discuss
differential sensitivities of C pools according to four con-
trasts: labile versus recalcitrant pools; free C pools versus
mineral-protected pools; plant-derived litter versus micro-
bial necromass and free C versus C in both micro and
macroaggregates.

In the analysis on N addition effects on SOC pools,
Rocci et al. (2021) showed a general SOC enrichment of
6%. The effect on particulate organic C (POC) was much
larger (þ13%) than the effect on mineral-associated organic
C (MAOC (þ4%). The effect of experimental duration was
evident for POC but not for MAOC, and indicated that
POC stocks increased over time, whereas MAOC stocks
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did not. In a predominantly arbuscular mycorrhizal forest,
Eastman et al. (2022) noted a reduction of decomposition
after N addition (�11%), but a larger proportion of C in the
pool of particulate organic matter. However, only very few
studies have addressed that question, which is crucial for
estimates how N deposition would affect C sequestration,
as the particulate organic carbon pool is in principle
infinite, whereas the mineral-associated organic carbon
pool is subject to saturation. These results imply that N
deposition reduces microbial activity and biomass, result-
ing in both more partly undecomposed organic carbon with
a larger contribution of lignin-like substances, and a smaller
contribution of microbial biomass and necromass that is
more easily stabilized on mineral surfaces. The data by
Rocci et al. (2021) and Eastman et al. (2022) cannot easily
be reconciled with the CAMP (Carbon, Acidity and Min-
eral Protection) model by Averill and Waring (2018) where
N addition alleviates microbial N limitation, resulting in
faster decomposition, declines of POC and increases of
MAOC stocks, and where only N-addition driven acidifi-
cation retards decomposition, increases of POC and de-
creases of MAOC stocks. The problem with their model
seems the focus on microbial N-limitation that is alleviated
by N deposition. Data by Chen et al. (2018b) and Rappe-
George et al. (2017) demonstrate C-limitation, which is
aggravated due to N deposition.

Several experimental studies confirm the differential
response of MAOC and POC to N addition. Bowden et al.
(2019) reported significant C accumulation after chronic N
loading, with an 88% increase in the C pool of the organic
layer and no significant changes in the mineral layer,
consistent with the hypothesis that the earlier stages of
decomposition are most sensitive to N deposition. The data
by Rocci et al. (2021) confirm an earlier meta-analysis by
Chen et al. (2018a), who noted that the light fraction
(comparable to POC) was more responsive to N addition
(increase of þ18%) that the heavy fraction (comparable to
MAOC; increase of 3%). At the same time, Chen et al.
(2018a) reported that the permanganate-oxidizable (POX)
fraction of SOC responded more positively to N enrichment
(10%) than the unoxidizable fraction (þ5%), which sug-
gests that part of that light fraction is more sensitive to
oxidative than hydrolytic enzymes. While some studies
have treated the POX fraction as a labile C fraction, there is
ample evidence that the POX fraction contains aromatic
and humic substances that are generally not considered as
labile, and that are, due to their surface charge, able to sorb
to the mineral soil matrix. Further studies toward charac-
terization of the POX and unoxidizable fraction and their
sensitivity to N enrichment are clearly warranted. Lu et al.
(2021) analyzed the effects of N enrichment on C in ag-
gregates. The authors observed increased C in macroag-
gregates, and no effect on microaggregates, in forests,
concomitant with a decrease in soil pH. It was suggested

that acidification was a major driver of more C in
macroaggregates.

Sensitivity of individual C compounds has also been
evaluated. Consistent with the changes in enzymatic ac-
tivity, N addition reduced the mass fraction of cellulose and
increased the mass fraction of lignin (Hasegawa et al.,
2021). Not all studies noted that effect. Thomas et al.
(2012) noted for a sugar maple forest that N addition did
not modify the amount of lignin or the oxidation state of
lignin. However, their study did not provide evidence that
N addition retarded decomposition. Studies on effects of N
enrichment on lignin degradation or ligninolytic activity do
not always focus on lignin only. Studies frequently refer to
gravimetric lignin or Klason lignin, a pool of residual C that
cannot be dissolved in strong acids. That pool contains both
lignin and transformed products of both plant and microbial
origin. Earlier theories on the decomposition process, with
a phase of nutrient-limited decomposition where lignin is
not degraded, followed by a phase where lignin regulates
decomposition rate, have often been based on gravimetric
lignin. However, such theories proved to be incorrect (Hall
et al., 2020; Klotzbücher et al., 2011). The impact of N
addition of decomposition of “true” lignin is therefore more
difficult to assess and the data by Thomas et al. (2012), who
used copper oxide for lignin assessment, reinforces that
conclusion. A study by Thomas et al. (2013) indicated that
N addition did not have any impacts on the degradation or
relative oxidation state of leaf lignin of sugar maple, and it
was suggested that lignin accumulation due to N addition
was either due to lignin in root material and/or to lignin-like
substances in microbial necromass.

Other changes in sensitivity in degradability of different
C compounds turned out to be dependent on the nature of
the mycorrhizal symbiosis. Gallo et al. (2005) noted that N
addition reduced the decomposability of waxes and lipids
in litter of ectomycorrhizal trees, but increased their
decomposition in litter of arbuscular mycorrhizal trees.
Aromaticity of dissolved organic C (DOC) on the other
hand increased in litter of ectomycorrhizal trees and
decreased in litter or arbuscular mycorrhizal trees. The in-
crease in lipids and waxes makes litter more hydrophobic,
which then negatively feeds back to its decomposability.
Observations on thick layers of relatively undecomposed
litter in north-western European conifer plantations support
this hypothesis, which has however not yet been formally
tested.

Under N deposition, the decomposition of amino sugars
of fungal and bacterial origin was retarded compared to
ambient conditions in the study by Griepentrog et al.
(2014), but increased in the study by Liao et al. (2020),
with an amount similar to the increase in SOC. Griepentrog
et al. (2014) suggested that increased availability of mineral
N reduced the need for mining N-rich residues from mi-
crobial necromass, but the fact that meta-analysis did not
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show a significant effect of N addition on enzymes asso-
ciated with organic-N acquisition (Jian et al., 2016) sug-
gests that N-mining is not necessarily sensitive to N
deposition. Bacterial residues were selectively preserved in
the mineral matrix compared to fungal residues in the study
by Griepentrog et al. (2014), while the opposite was noted
by Liao et al. (2020), with an increase in fungal residues
of þ11% and that of bacterial residues of þ5%. On the
other hand, for a tropical forest Zhang et al. (2016b) noted a
reduced contribution of fungal necromass to SOC, but a
mechanism was not indicated.

5.4 Nitrogen deposition and soil carbon
sequestration

As a consequence of N deposition productivity increases,
which results in increased litter fall, and decomposition
decreases. Consequently, C accumulates in surface litter
and SOC, resulting in C sequestration. Janssens et al.
(2010) synthesized SOC changes across 41 temperate- and
boreal forests and reported an average increase of 19 g C
per g N deposited. Hyvönen et al. (2008) and Maaroufi
et al. (2015) reported lower SOC sequestration rates per
unit N deposited for Norway spruce (13 and 10 kg C kg�1

N, respectively). The latter study reported even lower SOC
sequestration rates per unit N added for Scots pine with
higher C:N ratios, which is consistent with a beneficial
effect of N enrichment on litter decomposition at very low
N availabilities. Conversely, at N-saturated temperate for-
ests and in tropical forests where the N cycle is typically
more open, a major fraction of the added N is lost from the
system, which again leads to lower C sequestration rates
per unit N deposited (De Vries et al., 2014; Manzoni et al.,
2010; Tonnito et al., 2014).

The importance of reduced C cycling in soils, due to
retarded decomposition of litter and SOC, is potentially of
comparable importance as enhanced sequestration of C in
long-lived tissue in wood. It is not clear how important this
N-deposition driven enhancement of C sequestration is for
climate mitigation, although most authors agree that it likely
makes only a minor contribution (Du and de Vries, 2023).
Xu et al. (2021), however, came to a different conclusion.
Their analysis, spanning a period of 60 years across 369
terrestrial sites, indicated that N deposition increased stocks
of SOC with slightly over 4%. This effect became larger over
time, with an average SOC increase of 2% in studies lasting
less than 3 years, and almost 10% in studies lasting more
than 12 years. This additionally sequestered C was recorded
especially in the organic layer (on average 15%), and to a
smaller extent in mineral soil layers (4%). The authors sug-
gested that this effect was independent of ecosystem type or
climate. Based on these analyses, the authors proposed that
an addition rate of 33 kg N ha�1 year�1 to all terrestrial
ecosystems during a period of 20 years has the potential to

increase SOC by w300 Pg, or an amazing 15 Pg year�1.
The amount of N needed for application over N terrestrial
ecosystems was not calculated and the practical importance
of these claims is for that reason very contestable.

6. Effects dependent on nitrogen forms
and doses

6.1 Differential impacts of ammonium and
nitrate

The effect of N addition is also dependent on the source of
N. Experimental studies have used both inorganic and
organic N sources (urea (NH2)2CO) has repeatedly been
applied as a fertilizer to enhance tree growth], but for this
review we have omitted the data that pertain to organic-N
fertilisers as urea addition also leads to increases in labile
organic C. Inorganic amendments have included ammo-
nium (NH4

þ), nitrate (NO3
�) or ammonium nitrate. Choice

for different N sources in an N addition experiment is partly
a result of differential N pollution climates, with in Europe
reduced forms of N dominating while in North America
oxidized forms of N dominated, although this has recently
changed with an increasing dominance toward reduced
forms (Du, 2016). While effects of reduced and oxidized
forms of N on the N cycle have been extensively studied
(Gao et al., 2015), these differential effects of N sources are
less well known for the C cycle. Based on data by Ramirez
et al. (2010) the negative effect caused by N deposition is
independent of the form in which the N is applied.

6.2 Feedbacks and tipping points

N enrichment has been shown to have multiple effects on
soil C dynamics. Due to feedback mechanisms N addition
modifies the balance between positive and negative feed-
backs in soil systems, resulting in potential drastic changes
in ecosystem processes. Recently Suz et al. (2021) indi-
cated the possibility for tipping points for ectomycorrhizal
fungal communities under N enrichment. Their study sug-
gested tipping points in the case of litter decomposition.
Support was provided in a study by Forstner et al. (2019).
These authors noted limited effects of N addition in two
forests, but the increase in phosphatase activity and
eigenvector analysis of enzyme stoichiometry indicated
increasing microbial P limitation. The authors speculated
that, while the limited responses observed indicate micro-
bial physiological plasticity, this plasticity is not infinite
and can reach a tipping point when the forest soil systems
reach N saturation. Evidence for microbial plasticity or
adaptation was also provided by Allison et al. (2013), who
demonstrated that microbial communities from N-enriched
plots were associated with higher mass loss in litter bags in
N addition plots than communities from ambient plots.
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7. Conclusions and outlook

7.1 Conclusions

In this review we have shown that N enrichment typically
slows down soil C cycling, which could mitigate the
growth rate of atmospheric CO2 levels in a world that is
characterized by both climate change and atmospheric
eutrophication. More specifically, our review showed.

(1) Nitrogen deposition exerts negative impacts on the
abundance and diversity of saprotrophic microbes
(fungi, and bacteria) and changes their species composi-
tion toward more opportunistic species. Impacts of N
deposition on soil fauna are less straightforward.

(2) Concomitant with the decline in microbial biomass,
changes in enzyme activity occur, with hydrolytic-
enzyme activity increasing and oxidative-enzyme activ-
ity decreasing.

(3) Genomics data confirm that N addition downregulates
genes for oxidative enzymes.

(4) Litter decomposition rates and soil respiration are also
reduced. However, in the initial stages of litter decom-
position an enhancement has repeatedly been observed.

(5) There is still uncertainty whether particulate organic C
or mineral-associated organic C is more sensitive to N
deposition, and it is possible that the relative effect on
both pools is dependent on the mycorrhizal status of
the forest.

(6) Most effects of N deposition are stronger in experiments
of longer duration or where higher N doses have been
added. Often effects are stronger in boreal and
temperate forest ecosystems than in subtropical and
tropical forests. It is unclear whether this difference is
driven by climate, or whether climate is a proxy for dif-
ferences in the dominant mycorrhizal type, with the
ectomycorrhizal symbiosis being dominant in boreal
and temperate forests, and the arbuscular mycorrhizal
symbiosis in (sub-)tropical forests.

(7) Whereas N deposition slows down the C cycle and
hence enhances C sequestration, the amounts seques-
tered seem to be too small to constitute a major contri-
bution to climate change mitigation.

7.2 Outlook

Despite our general understanding of the negative effects of
N deposition on soil C cycling, there are still several issues
that indicate our incomplete understanding, and this lack of
insight hampers the further development of mechanistic
insight. In this section we highlight several issues in need
of further research. The issues are not ranked, so no priority
order is implied.

(1) Many experimental studies have used pulses of high
N additions over a short time period (as in forest

fertilization programmes), but N deposition is a
slow process with small N amounts entering the for-
est ecosystem on a daily basis. Ecologists have sepa-
rated between pulse (high amounts added
incidentally) and press (lower amounts added more
frequently) experiments. Experimentally, pulse ex-
periments are more easy to execute, but it is not al-
ways clear whether both types of experiments elicit
the same response. However, laboratory experiments
are often more press experiments, as regular addition
of small amounts during watering is more easily
achievable, but the relevance of laboratory experi-
ments to predict how forests behave needs additional
reflection (see below). Future studies should for that
reason reflect more explicitly upon the ecological re-
alism of the experiments that are designed (Bebber,
2021).

(2) The usual metric to express effects is by N addition
rates (kg N ha�1 year�1), but this is not necessarily
the best way. The data by Van Diepen et al. (2015)
show that cumulative effects of N deposition showed
a highly significant negative correlation with de-
creases in foliage and litter Mn mass fractions. It
should therefore be imperative that studies both indi-
cate the annual amount of N applied, and also the cu-
mulative dose that the soil has received when the
measurements were made. Xing et al. (2022b)
assessed both the effect of N dose and time on hetero-
trophic respiration. They noted that under low N
addition (20 kg N ha�1 year�1) heterotrophic respira-
tion initially increased, whereas at higher additions
(50e100 kg N ha�1 year�1) the negative effect of N
addition was already visible in the first year. But het-
erotrophic respiration declined after 4 years and
became negative after 8 years, at the low N dose.
These data equally support suggestions that cumula-
tive N levels provide a better assessment than annual
N addition rates. Similarly, meta-analyses included
the effect of duration of the study, but it is likely
that the effect of N deposition on decomposition de-
pends primarily on the degradation stage rather than
on time, as the actual decomposition rate varies as a
function of temperature.

(3) Meta-analyses aggregate results of many studies and
calculate an average response to the factor under
consideration. While we have included estimates on
average effect sizes, a cautionary note is in order
(Koricheva and Gurevitch, 2014). Whereas meta-
analysis is a very powerful tool to calculate effect
sizes over a large number of studies, aggregation
potentially hides contrasting effects. This problem is
evident in cases of curvilinear responses or where
the average sign of the effect switches with increasing
N loading, as with litter decomposition rate where its
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initial N-limited stage responds positively to N depo-
sition, and later stages that are C-limited respond
negatively. The meta-analysis by Gill et al. (2021)
provides support for an initial rate-enhancing effect
of decomposition after N addition (up to 25% mass
loss of confined litter), but a long-term negative effect
on decomposition (more than 50% of mass loss).
However, even in cases where the relation is linear
and the response consistently positive (or negative),
meta-analyses are not without problems. For instance,
the negative effects of N deposition often increase
with the duration of the study, and for that reason
the average effect size is to a large extent determined
by the balance between short-term and long-term
studies. A solution for this problem is a subdivision
of the data in discrete categories and including addi-
tional tests for significant differences between cate-
gories. Many meta-analysis have followed that
approach. For practical reasons, because the dataset
would otherwise be quite unbalanced, individual fac-
tors have been treated as independent. But supposed
independent factors could still show underlying cor-
relations. It is plausible that experiments on the im-
pacts of N deposition started earlier in Europe and
the US than in China, and as a consequence thereof
longer-term experiments are more likely associated
with colder climate and with an overrepresentation
of ectomycorrhizal forests. Disentangling seemingly,
but not necessarily independent variables remains ur-
gent to avoid false causal attribution.

(4) While we cannot exclude the possibility that there
exist qualitative differences in ecosystem responses
to low or high N doses, we think there currently is
no evidence for long-term qualitatively different re-
sponses in a dose-dependent way. However, in cases
of microbial adaptation of plasticity the negative ef-
fects of N on C cycling could be largely attenuated
(Allison et al., 2013) and such adaptations are more
prevalent with lower N additions. Models that include
plasticity for CUE and NUE (Wutzler et al., 2017)
should therefore be tested for the specific predictions
under N enrichment in forests.

(5) An additional problem is that in many studies either
effects of N addition on litter properties or on soil
properties, but not on both have been reported. This
lack of data limits the ability of meta-analytical ap-
proaches to disentangle these factors. It is therefore
strongly recommended that studies on the effects of
N deposition provide data on both changes in soil
properties and changes in litter properties (Vicca
et al., 2018).

(6) Our current models cannot well predict how revers-
ible effects of N deposition on C cycling are if N
enrichment is abated. It is plausible that soil systems

exhibit stable states and that therefore a much larger
reduction in N deposition is needed for recovery of
the soil system. It is possible that even under abate-
ment of N deposition, secondary losses, e.g., of
Mn, will hamper recovery. It is therefore necessary
to better understand the mechanism underlying
reduced Mn availability with higher cumulative N
loading. Slow recovery has been demonstrated by
Theuerl et al. (2010), who showed that after reduction
of N deposition with 65% for a period of 14 years, no
effects on oxidative enzymes were registered, a lack
of response that the authors attributed to N saturation
of their forest.

(7) Current models that describe effects of N addition on
C cycling focus on several microbial parameters that
play a major role. Models of shifts in microbial-
functional group composition, enzymes and enzyme
ratios (Chen et al., 2018c, 2019), and changes in
CUE (Wieder et al., 2015) can predict the rate-
retarding effect of N deposition on C cycles. But
linkages between these classes of parameters are un-
derdeveloped. Increases in CUE under the influence
of N addition pertains to the first stages of decompo-
sition, where the C:N ratio of the substrate is well
above the critical C:N ratio (Manzoni et al., 2010).
In such cases higher CUE results in more microbial
biomass and subsequently necromass, which ulti-
mately gets stabilized as recalcitrant or mineral-
bound SOC of microbial origin. However, with lower
litter C:N ratios and concomitant shifts in enzyme ra-
tios, a higher CUE results in a faster decrease of sub-
strate quality, and this subsequently either reduces
CUE and/or microbial biomass, but these linkages
are apparently not included in current models.

(8) Assessment of effects of N deposition on ecosystem
C pools need to further investigate the relationships
between enhanced aboveground and belowground C
storage. Terrer et al. (2021) indicated a trade-off be-
tween aboveground and belowground C storage un-
der elevated CO2, with ectomycorrhizal ecosystems
showing a strong aboveground response together
with belowground C losses, whereas arbuscular
mycorrhizal ecosystems showed a weak above-
ground response together with enhanced C storage
belowground. Mineral-associated C increased in
arbuscular mycorrhizal ecosystems, but declined in
ectomycorrhizal ecosystems, suggesting a mecha-
nism through which ectomycorrhizal fungi enzymat-
ically mine SOC for N, which subsequently drives
plant performance, whereas arbuscular mycorrhizal
fungi lack that capability. Because plant and fungal
responses to N deposition differ between ectomy-
corrhizal and arbuscular mycorrhizal ecosystems, it
is equally important to assess relationships between
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aboveground and belowground C storage under N
enrichment.

(9) The negative impact of N deposition on soil C
cycling has been suggested to act as a mechanism
that potentially mitigates effects of elevated CO2.
By reducing decomposition more soil C is seques-
tered and this provides a negative feedback to atmo-
spheric CO2 similar to mechanisms through which
elevated CO2 could increase primary production
that results in enhanced C sequestration. However,
elevated CO2 also increases mean annual temperature
and this then accelerates SOC dynamics, negating the
effect of enhanced C sequestration. Several authors
have therefore investigated the temperature sensi-
tivity of decomposition under elevated N levels.
Ramirez et al. (2012), Wei et al. (2017), and Zhong
et al. (2016) reported decreased temperature sensi-
tivity after N enrichment, both in surface and subsur-
face soils, and suggested that this lower temperature
sensitivity weakens the positive climate feedback.
Coucheney et al. (2013) on the other hand reported
increased temperature sensitivity after addition,
implying a reinforcement of the climate feedback.
Stone et al. (2012) finally reported no influence of
N on the temperature sensitivity of hydrolytic en-
zymes and chitinase. Apparently, generalizations are
not yet possible. One major issue in assessing temper-
ature sensitivity of decomposition is that studies often
compared differences in decomposition rates at two
temperatures expressed as ratios. Such experimental
assessments then are made over short time periods,
as longer-term studies are sensitive to changes in sub-
strate quality during decomposition and changes in
substrate availability. The standard method of assess-
ing temperature sensitivity does therefore not allow
generalisations and a different approach, where the
time needed to decompose a certain fraction at both
temperatures is assessed, is required (Conant et al.,
2008). However, the studies referred to above did
not use this methodology. Assessing temperature
sensitivity of decomposition under N enrichment in
an unbiased way is therefore a major future research
topic. Next to temperature effects, interactions be-
tween N enrichment and increased drought merit
attention.

(10) In order to increase mechanistic insight, several
studies have been based on lab incubations, thereby
restricting the study to saprotrophic organisms only.
In many forests, however, ectomycorrhizal fungi
provide a major part of fungal biomass. Several of
these species produce peroxidases that are involved
in the oxidation of old SOC. Species with a high
oxidative capacity, like species of Cortinarius, are
generally nitrophobic, therefore changes in SOC

after N addition could also be attributable to shifts
in the ectomycorrhizal fungal community. Recon-
ciling field studies and lab studies therefore remains
imperative.

(11) More generally, differences between forest soils
dominated by ectomycorrhizal and arbuscular mycor-
rhizal trees have hardly been considered as a major
factor that explains differential responses of N addi-
tion to SOC dynamics. However, the theoretical
framework proposed by Phillips et al. (2013) sug-
gests this difference is likely a major factor, and
data by Midgley and Phillips (2016) showed substan-
tial differences due to N addition, with a much larger
sensitivity for ectomycorrhizal than arbuscular
mycorrhizal forests. The contribution by ectomycor-
rhizal fungi to the oxidative-enzyme production is
likely a major factor that explains the differential
behavior. The differential disconnect between lignin
and cellulose degradation in a mainly arbuscular
mycorrhizal and an ectomycorrhizal forest under the
influence of N addition, as observed by Grandy
et al. (2008) supports a likely role for ectomycorrhi-
zal fungal oxidative-enzyme activity. Carrara et al.
(2021) noted significant differences between both
types mycorrhizal forests, with N addition causing
changes in fungal communities in ectomycorrhizal
forest and changes in bacterial communities in arbus-
cular mycorrhizal forest.

(12) Data show that the amount of soil C sequestered per
unit N decreases with higher N loadings (but see Xu
et al. (2021) for an alternative interpretation). It re-
mains unknown whether this amount decreases to
zero or becomes even negative, that results in C
losses, when ecosystems are N saturated.
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