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Human activities have greatly increased the reactive nitrogenin the
biosphere, thus profoundly altering global nitrogen cycling. The large
increase in nitrogen deposition over the past few decades hasled to
eutrophicationin natural ecosystems, with negative effects on forest health
and biodiversity. Recent studies, however, have reported oligotrophication
inforest ecosystems, constraining their capacity as carbon sinks. Here we
demonstrate the widespread biological transformation of atmospheric
reactive nitrogen in the canopies of European forests by combining nitrogen
deposition quantification with measurements of the stable isotopesin
nitrate and molecular analyses across ten forests through August-October
2016. We estimate that up to 80% of the nitrate reaching the soil via
throughfall was derived from canopy nitrification, equivalent to a flux

of upto5.76 kg N ha™ yr’. We also document the presence of autotrophic
nitrifiers on foliar surfaces throughout European forests. Canopy
nitrification thus consumes deposited ammonium and increases nitrate
inputs to the soil. The results of this study highlight widespread canopy
nitrificationin European forests and its important contribution to forest

nitrogen cycling.

Nitrogen is one of the main elements on Earth. It links the atmos-
phere with terrestrial and aquatic ecosystems via biogeochemical
processes. Reactive nitrogen in the atmosphere has doubled over the
last century as a result of the combustion of fossil fuels and the inten-
sive use of fertilizers in food production to sustain global population
growth’, extending planetary boundaries for nitrogen fluxes beyond
asafe limit®. Elevated rates of nitrogen deposition are one of the driv-
ers of the increased strength of forest carbon sinks**, particularly in

nitrogen-limited ecosystems in temperate and boreal biomes, thus
contributing to the mitigation of climate change. The global increase
innitrogen deposition, however, generates cascading effects and con-
tributes to the acceleration of nitrogen cycling®, which hasimportant
implications for both natural ecosystems functioning and human
health®®. Tracing and quantifying the fate of atmospheric nitrogen
whenmoving fromthe atmosphereto the soil through forest canopies is
paramount to quantifyingits effects on terrestrial carbon and nitrogen
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Fig.1|Investigated sites and wet deposition fluxes of inorganic nitrogen.

a, Map showing the forested sites included in this study. b, Difference between
TF and BD for the nitrogen fluxes NH,"-N, NO,~N and TN. Means and 95%
confidence intervals for nitrogen forms across the sites are indicated in black
(n=10, dataarereported in Extended Data Table 2). Orange and green rectangles
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totherightindicate, respectively, the range of apparent release (source) and
apparent retention (sink) of nitrogen compounds by forest canopies. The daily
updated E-OBS dataset for temperature (1950-2021) from the Copernicus
Climate Change Service was used to produce the map (https://surfobs.climate.
copernicus.eu/dataaccess/access_eobs.php).

cycling. This s particularly important for nitrogenin the formof nitrate
(NO;"), ahighly mobile compound that can be readily lost by leaching
and denitrification when its availability exceeds plant and microbial
demands’. Nitrate concentration in soil solutions is a key indicator of
nitrogen saturation in forest ecosystems’, setting the threshold for
the critical nitrogen loads (CLs) beyond which ecosystem processes
and plant community compositions can shift'°'?, Indeed, the seminal
hypothesis of nitrogen saturation’ suggests that nitrogen deposi-
tion accumulates in soil nitrogen pools and progressively increases
mineralization and nitrification, eventually leading to an excess of
nitrogen availability compared to the demand from plants, as well as
to elevated NO,” leaching and the emission of trace gases (particularly
N,0). Negative effects of nitrogen saturation on soil processes and
tree health have been reported in soil manipulation studies™", often
following the application of nitrogen doses much higher than ambi-
ent nitrogen deposition, thus exposing ecosystems to larger changes
inatmospheric nitrogen input than those projectedin all scenarios of
the IPCC Representative Concentration Pathway®. Field studies across
Europe and North Americahave confirmedanincreasein NO; leaching
atsites exceeding nitrogen depositions of 10 kg ha™ yr, but thereis no
clear evidence that this pathway of nitrogen loss (and hence saturation)
increases over time under increasing nitrogen deposition'®. In contrast,
recentanalyses have identified pervasive nitrogen limitations in forests
(‘toolittle of agood thing’ or oligotrophication)”¢, which can constrain
the expected CO, fertilization effect’ ..

Atmospheric nitrogen undergoes complex transformations in
its trajectory from the atmosphere to the soil, including interactions
with forest canopies and the associated microbial communities?*.
Evidence since the 1980s has shown that fluxes in precipitation are sub-
stantially affected when passing through forest canopies®. These stud-
ies have led to the quantification of fluxes underneath tree canopies
(so-called throughfall, TF) to better estimate the total input of nitrogen
from atmospheric deposition (including dry reactive nitrogen com-
pounds) and the proportion eventually reaching the soil. The differ-
encesbetween TF and open-field deposition (either wet depositionor,
asinourstudy, bulk deposition, BD) of nitrogenin the form of ammo-
nium (NH,"-N) and NO, -N have been extensively used to determine
whether tree canopies act as sinks (TF — BD < 0, canopy retention) or
sources (TF — BD > 0, canopy release) of nitrogen compounds (includ-
ing deposited dry compounds®2°, as well as ionic exchanges between

canopies and aqueous solutions)”, Investigations of canopy nitrogen
retention or release have mostly focused on the passive role of foliar
surfaces to retain nitrogen compounds from the atmosphere (par-
ticularly the dry forms), which affects the input of these compounds
tothe soil. However, next-generation sequencing analyses have begun
to unravel the highly diverse microbial communities living in forest
canopies”*°and toidentify, insitu, the taxa contributing to processes
thatwere previously considered to occur only in soil**?. Previous stud-
ies have found that nitrate in TF water represents not only a flux from
atmospheric deposition, but also from biological nitrification in tree
canopies®**. Whether microbes transform nitrogen in forest cano-
piesacross awide range of forest types, climatic conditions and levels
of atmospheric deposition, and how they contribute to NO;™ fluxes
reaching the soil via TF, have not yet been determined. In this Article
we examine theimportance of microbially driven canopy nitrification
in the context of the ongoing debate surrounding the trajectories of
apparent ecosystem nitrogen saturation and tree oligotrophication.
We combineisotopic and genetic analyses to estimate canopy nitrifica-
tion across European forests, to identify microorganisms potentially
involved in this process, and to quantify the contribution of gross
canopy nitrification (GCN) to nitrogen fluxes. Ten sites included in
the European International Co-operative Programme on Assessment
and Monitoring of Air Pollution Effects on Forests (ICP Forests) were
chosen that include the two most dominant tree species in Europe
(Fagus sylvatica L. and Pinus sylvestris L., hereafter F. sylvatica and
P.sylvestris, respectively). Forests were selected along wide gradients
of climate and wet deposition of inorganic nitrogen (Fig. 1 and
Extended Data Table 1), with levels of nitrogen deposition below and
above the empirical CLs of 10-15 kg ha™ yr™ (ref. 35). We consider
fluxes of BD and TF nitrogen deposition measured in 2016 across the
investigated sites to determine whether tree canopies act as appar-
ent sinks (retention) or apparent sources (release) of atmospheric
reactive nitrogen compounds, focusing on NH,*-N, NO,-N and total
nitrogen (TN, including dissolved organic nitrogen). We use isotopic
tracers, particularly A”O (defined as A”0O = 8§70 - 0.52 x §®0) inNO;",
in a two-end-member isotope model, to estimate the atmospheric
(faem) and biological (f;;,) fractions contributing to NO,™ recovered in
TFwater. A”O is a robust tool for quantifying the contributions of the
two sources of NO;~ directly reaching the TF (atmospheric deposi-
tion and canopy nitrification), due to the distinctive A”O values of
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Fig.2| Atmospherically and biologically derived nitrate fractions. a, Fraction
of NO,™ derived from atmospheric deposition and biological nitrificationin tree
canopies for the two species across the investigated sites. Means and s.d. values
areshowninblack. b, Fraction of NO,™ from canopy nitrification (fy,,) measured at
eachssite for each sampling date. The calculation of f;,, for Brasschaat in Belgium
was obtained from AY0inNO, collected in BD and wet-only precipitation (wo)
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collectors (see Methods for more details). The Swedish site was not included
intheisotope analyses, because canopy retention was observed but no canopy
nitrification was detected (Extended Data Fig.1and Extended Data Tables 2 and
4). The dashed vertical grey line in b separates sites with low (left) and high (right)
nitrogen deposition, identified as explained in the main text and Methods.

the two sources (positive values for atmospheric NO,” and a value of
zero for microbial NO,")** (Methods). Finally, we document the pres-
ence in the canopy of microorganisms and key bacterial and archaeal
genes that drive nitrification, using 16S rRNA gene metabarcoding
and gene-specific quantitative polymerase chain reaction (qPCR) for
genes that encode for ammonia monooxygenase subunit A (amoA)
and nitrite oxidoreductase subunit B (nxrB), catalysing the oxidation
of ammonia to nitrite and of nitrite to nitrate, respectively (Methods
and Supplementary Information).

Biological transformationsin forest canopies

At the tensites, deposition of TN ranged from 3.4 to 15.8 kg ha yr!
for BD and from 1.5 to 25.4 kg ha™ yr™ for TF (Extended Data Table 1).
Nitrogen fluxes were higher in TF than BD at most sites (Fig. 1), although
the difference was significantly greater than zero only for NO,-Nand
TN (Extended Data Fig. 1 and Extended Data Table 2). The canopies
consistently retained all forms of nitrogen at the forest site in Sweden
with the lowest nitrogen deposition, particularly when looking at the
long-term changes in nitrogen fluxes (Extended Data Table 2).

Canopy release (TF > BD) is normally attributed to dry reac-
tive nitrogen compounds previously deposited onto tree canopies
being washed out during precipitation® 2. However, the isotopic
tracers (8N, §'%0 and A”0) indicated that NO;™ in TF was a mixture
of atmospheric and biological sources (Extended Data Fig. 2 and
Extended Data Tables 3 and 4). We used a mass-balance approach
based on AYO (Methods) to determine that 68 + 25% (s.d.) of the total
NO,™ in TF was from atmospheric deposition (f,..,), and 32 + 25% of
the NO; reaching the soil via TF was from canopy nitrification (fy;,)
(Fig. 2a), ranging across the gradient from 4% (f;;, = 0.04) to 80%
(fsio = 0.8). f3io Was 0.37 £ 0.30 and 0.25 + 0.18 for F. sylvatica and
P. sylvestris, respectively (Fig. 2b), within the ranges reported in
previous studies conducted on the same species in the UK* and
in a Quercus ilex forest in Spain®. Increases in fy;,, were associated
withincreasesin TN (Extended DataFig.3 and Extended Data Table 5),
suggesting that this process could be substrate-limited at lower inputs
of atmospheric nitrogen.

Site-specific fy;, was then used to partition TF NO,-N fluxes into
two sources: atmospheric deposition and biological transformation
(hereon described as gross canopy nitrification, GCN). GCN contrib-
uted to adding between 0.40 and 4.97 kg N ha™ yr* for F. sylvatica

and between 0.21 and 3.23 kg N ha™ yr™ for P. sylvestris to the NO; -N
derived from atmospheric deposition (Fig. 3a; Extended Data Table 4
providesthe full range of values), withamean (+1s.d., but adjusted for
cross-site differences in TN deposition) of 1.77 +1.38 kg N ha™ yr’. By
comparison, thereal (after correcting for GCN) contribution of atmos-
pheric depositionto the TF NO, -N fluxes averaged at an equivalent of
3.26 +1.13kg N ha yr’. Correction of the TF fluxes for the occurrence
of GCN changed the balance of several forest canopies from being
sources to apparent sinks of atmospheric NO;-N (Fig. 3b), because
the apparent release of NO; —N from the canopy was often due to
nitrification.

Microbial nitrifiers in the phyllosphere

The identification and quantification of microbial nitrifiers on foliar
surfaces were supported by two independent DNA-based approaches:
16S rRNA gene metabarcoding and qPCR for functional genes. The
analysis of 16S rRNA sequences confirmed the presence on foliar sur-
faces of previously known bacterial and archaeal autotrophic ammo-
nia oxidizers (Nitrosospira and Nitrospira, and Nitrososphaeraceae,
respectively) and bacterial autotrophic nitrite oxidizers (Nitrospira,
Nitrobacter and Burkholderia insulsa)”. The functional genes amoA
and nxrBwere detected in the phyllosphere (Fig. 4 and Extended Data
Fig. 4). Archaeal amoA was more abundant (P = 0.05) than bacterial
amoA, as previously observed in Q. ilexin the Mediterranean region®,
whereas only archaeal nitrifiers were present in the phyllosphere of
Criptomeria japonica®®. The median difference between TF and BD
for the functional genes involved in nitrification was significantly
less than zero only for archaeal nitrifiers (V from a Wilcoxon test = 20,
P<0.01, Supplementary Fig. 1), suggesting that they could be more
efficiently retained by tree canopies.

Microbial nitrifiers were also detected at sites where atmos-
pheric nitrogen was retained in the canopy (Extended Data Table 2
and Extended Data Fig. 4), including three additional sites in Finland
(Extended Data Table 1) that were added to the survey later, but for
which estimates of fy,, were not available (Methods). This finding does
not necessarily indicate that canopy nitrification did not occur at these
sites, but that NO, -Nis directly taken up by canopies® or that canopy
nitrificationis toolow tobe detected with our approach or, lastly, that
the produced nitrate is consumed through denitrification. Indeed,
microbial genes that encode enzymes involved in denitrification as
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Fig. 3 | Partitioning between atmospheric deposition and GCN into TF nitrate
fluxes and its ecological relevance. a, Partitioning of the NO,~N TF fluxes into
the two main sources (atmosphere and GCN, mean and s.d., n =19) obtained
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in TF across all sites, that s, 5.03 kg N ha™ yr™\. Each point is the mean calculated
over two or three sampling dates (n = 19; see Extended Data Table 4 for data).
The orange and green rectangles to the right indicate the range of apparent
release (source) and apparent retention (sink) of NO,-N by forest canopies,
respectively.
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fluxes (both inkg N hayr™), obtained using a mass-balance approach, is
summarized in the cartoon on the right side of the panel. The range of values
(minimum and maximum, all values are reported in Extended Data Tables 2 and
4) for the BD and TF fluxes and the A”O in nitrate in the different components
(BD, TF and nitrification) are also reported in the side boxes. For details on

the mass-balance approach based on AVO in nitrate to partition between GCN
and atmospheric nitrate, see the Methods. The quantification of the main
functional genes that encode for ammonia monooxygenase subunit A and nitrite
oxidoreductase subunit B of bacteria (amoA AOB and nxrB) and archaea (amoA
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AOA) catalysing the oxidation of ammonia to nitrite and of nitrite to nitrate,
respectively, and the taxonomic identification of nitrifiers on the leaf surfaces
across the investigated sites are shown on the left. Green and orange indicate
genes and taxa associated with the pathways of ammonia or nitrite oxidation,
respectively. Boxes represent the median (horizontal line) and the interquartile
ranges of binned values (Q25, Q75), and the whiskers cover Q25 - 1.5(Q75 - Q25)
to Q75 +1.5(Q75 - Q25). Numbers of observations (n) for boxplots showing
functional genes and taxonomicidentification: Nitrososphaeraceae (n =4),
Nitrospirainopinata (n=2), Nitrosospira (n = 4); Nitrobacter (n=3), Nitrospira
(n=5), Burkholderia-Caballeronia-Paraburkholderia (n = 4), amoA from AOA
(n=26),amoA from AOB (n = 22), nxrB (n =27). Treeillustration adapted from
ref. 23 under a Creative Commons license CC BY 4.0.

well as N, fixation were quantified on foliar surfaces (Supplementary
Fig.2), suggesting that nitrification may not be the only process occur-
ringinthetree canopies of the investigated forests, as already observed
in previous studies®***°, Interestingly, N,O emissions from tree cano-
pies on a boreal forest were mostly associated with transport of N,O

(derived from denitrification in the soil) through the transpiration
stream*’. Molecular data from this study suggest that the process could
potentially occur in the canopies too, although hypoxic-to-anoxic
conditions are mostly required to promote denitrification, and these
conditions may not be prevalentin the phyllosphere.
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Ecologicalimportance of canopy nitrification

Two lines of evidence support the argument that GCN is a key pro-
cess in nitrogen cycling in forests. First, GCN, being processed in
tree canopies, represents an input of dissolved unutilized NO;™ that
bypasses biological soil nitrification, thus contributing directly to
potential pathway losses (leaching and denitrification). Field stud-
ies have reported lower net soil nitrification and NH," availability
under pine and oak canopy covers compared to open areas, which was
explained by alower competition for NH,* substrates between plants
and nitrifiers in the former case*. Yet, our dataindicate that GCN could
contribute to reducing the input of atmospheric NH," to the soil. A
datasynthesis carried out in US forests showed that net soil nitrifica-
tion can contribute to produce an average of 35 kg NO,™-N ha™yr™,
ranging from O (at the Harvard hardwood forest in Massachusetts) to
114.9 kg N ha' yr* (at the Fernow N-saturated mature forest in West Vir-
ginia)**2, Our GCN estimates were within the lower range of estimates
of netsoil nitrification from the above-mentioned meta-analysis. Most
soil nitrification, however, representsinternal cycling, as opposed to
GCN, whichrepresents asmall (4.7% of total NO, N from canopy plus
mean soil nitrification, thatis, 1.77/(1.77 + 35) x 100) but cumulative
additionof NO, to the ecosystem. Nevertheless, additional research,
including both phyllospheric and soil nitrogen transformations, is
needed to ascertain the absolute contribution of GCN to ecosystem
nitrogen cycling.

Second, the ecological relevance of tree canopies in nutrient
cycling will be underestimated if biological transformations by phyl-
lospheric microbiota are neglected. Indeed, most forest canopies
were NO, -N sinks rather than sources (for atmospheric deposition)
when we accounted for the contribution of GCN to the measured TF
NO; -N fluxes (Fig. 3b). The actual mean canopy retention (that is,
the difference between TF and BD for NO,™-N after accounting for
GCN)wasequivalentto-1.03 £ 1.78 kg N ha' yr, ranging from -4.76 to
1.33kg N hayr™. The NO, -Nssink activity of tree canopies increased
significantly with increasing TN deposition (Extended Data Fig. 5),
indicating that this ecological processisrelevant atlow levels of nitro-
gen deposition®* but can also contribute to tree nutritional status at
higher levels of atmospheric nitrogen inputs*:.

Our results force us to reconsider the current models used to
estimate dry deposition. The canopy budget model” is based on the
assumption that canopy exchange is the main process governing the
uptake and release of ions when wet atmospheric deposition reaches
forest canopies. Forinorganic nitrogen, the uptake of NH,"and/or H* by
tree canopiesisassumed tobebalanced by the release of cations such as
K*, Ca*and Mg*", whereas canopy NO,” uptake is proportional to NH,"
uptake?®, The lower NH,"-N fluxes in TF than BD would thus commonly
be accounted for by canopy uptake®*, but we show that they could
be duetotransformations by epiphytic nitrifiers that bypass the trees.
Furthermore, A0 provided a robust estimate of the actual atmos-
pheric NO;-N deposition, suggesting that attributing NO;™ fluxes in
TF only to the seldom-quantified fraction of dry deposition instead of
GCN leads to overestimating atmospheric deposition in the oxidized
form. We addressed possible limitations associated with the isotope
approach considered inthis study, which did not quantify nitrification
directly on leaf surfaces but on collected forest water samples. One
important limitation may be related to biological transformations
occurringin water samples before their collection and/or during stor-
ageinthelaboratory. However,amethodological test (Supplementary
Text 1) was carried out at selected ICP Forests sites, where TF water
samples were collected after the precipitationevent and then subjected
todifferent treatments (filtered and unfiltered water) and temperature
levels (to simulate field conditions) for up to 85 days after collection.
The results showed only small changesin NO;” concentrations and pH
over time for different temperatures (Supplementary Tables 1 and 2
and Supplementary Figs.3and 4). The methodological test allowed the
definition of a protocol for a robust estimate of water collection and

storage across all ICP Forest sites, as also employed at sites included
inthis study.

Our findings arerelevant to the debate on widespread ecosystem
nitrogen saturation versus oligotrophication'®. The GCN flux we have
shown couldreduce the potentialinputs of NH,* to the soil and henceits
preferential uptake (over NO; ) mediated by mycorrhizal associations
for the investigated species, as reported in previous studies**®. We
hypothesize that lower NH,"availability could enhance tree-microbes
competition and tree nitrogen demand under increasing levels of
atmospheric CO, (refs. 18,47). However, this hypothesis should be
testedin future studies, where the relevance of the GCN flux should be
includedinthe well-investigated framework of inorganic and organic
nitrogen uptake strategies and plant-microbeinteractionsin the rhizo-
sphere*®=°, GCN can potentially contribute to increasing the highly
soluble NO;™ inthe soil, and henceits loss vialeaching and denitrifica-
tion*’. Studies at the watershed scale have shown greater export of
microbiologically derived NO,™ (attributed mostly to soil nitrification)
with increasing nitrogen deposition in the case of nitrogen satura-
tion®"*2, More studies are needed, however, to clarify the origin of the
microbiologically derived NO;~, adding potential biological activities
thatare unseenin tree canopies.

The fact that this chronic net canopy retention of NO; is
more efficient under high atmospheric nitrogen loads also helps to
explain why experimental nitrogen manipulations via soil fertiliza-
tion generally underestimate the response of the tree carbon cycle
to nitrogen availability under those same deposition conditions®>.
More realistic nitrogen manipulation experiments are needed** if a
more comprehensive understanding of the coupling between nitrogen
and carbon cycling is to be achieved. Finally, our results highlight the
need tointegrate isotopic tracers to improve the current approaches
used to estimate nitrogen deposition, to provide amore robust assess-
ment of the CLs for policies aiming at limiting nitrogen pollution.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41561-023-01364-3.
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Methods

Investigated sites and quantification of atmospheric nitrogen
deposition

Ten forested sites within the Level Il ICP Forests network (http://
icp-forests.net/)** composed of the two most common European tree
species (Fagus sylvatica L. and Pinus sylvestris L.) were selected to
span a range of climates (Fig. 1a)*® and nitrogen-deposition condi-
tions (Extended Data Table 1). Specifically, sites were considered at
low or high levels of nitrogen deposition if the sum of the NH,"-N
and NO; -N fluxes in TF was below or above the CL, respectively. The
empirical CLis10-15 kg N ha™ yraccording to the summarytable 9.2in
ref. 35. Atmospheric deposition, foliar nutrients and tree growth,
among other parameters, have been continuously measured at sites
in the ICP Forests monitoring network since 1995. The flux of atmos-
pheric nitrogen deposition at these sites was quantified by measuring
NH,"and NO;™ concentrationsin water collected in open fields outside
the forests (BD) and beneath tree canopies (TF). At each site, between
oneand four collectors were used for BD,and 10-16 TF collectors were
placed within the monitored plots, following either a systematic or
random distribution, to capture the spatial variability of the canopy
cover. In addition to the collectors for BD, wet-only deposition was
determined at one site (in Belgium) by employing collectors whose
lidautomatically opened at the start of rain and closed 10-15 min after
the rain ended, to avoid collecting ions from dry deposition. Bottles
in which water samples were collected were placed in PVC pipes to
minimize algal growth and biological transformationsin the samples
(Supplementary Text 1). The samples were collected and processed
following a protocol harmonized across all sites, as described in the ICP
Forests manual®’. Briefly, the samples were normally collected weekly
(once aweek), biweekly (once every 2 weeks) or monthly (depending
onthesiteand precipitation). An aliquot of the total volume of BD and
TF water collected, between 100 and 200 ml (depending on the site),
was filtered through acetate cellulose membranes with a pore size of
0.45 um and used for measuring NH," and NO;™ concentrations (in
mg ™), which were then used to quantify the monthly fluxes of deposi-
tionof NH,*~-Nand NO, -Nbased on the volume of water collected***,
Annual BD and TF fluxes were obtained as sums of monthly fluxes and
areexpressedas NH,'-N,NO,-Nand TN, with TN obtained as the sum
of bothinorganic forms of nitrogen (NH,'~-Nand NO,-N) and organic
nitrogen. The total deposition of nitrogen onto forests is assumed to
be typically a factor of one to two times higher than TF fluxes*® due
to the deposition of dry reactive nitrogen compounds (particulate
and gaseous) onto tree canopies. The deposition of these reactive
compounds, washed outduring precipitation, islarger in forests than
in the open field because of the larger surface area and resistance of
canopies compared with open field receptors. However, here we only
focused on measured water fluxes below the forest canopy and outside
theforest, asdry depositionis not extensively and separately measured
across all the ICP Forests sites.

Collection of foliar and water samples

BD and TF water were collected on two or three sampling dates during
summer of 2016 at each of the ten sites (Supplementary Table 3). The
sampling was originally planned for August and September, but it
was extended from July to October 2016 due to the low precipitation
at most of the sites in August. All water samples were transported to
thelaboratory onthe day of collection and stored at 2-4 °Cin the dark
until processing, as described earlier. The remaining water collected on
asampling date was filtered through sterilized mixed cellulose mem-
branefilters with a poresize of 0.22 pm (S-PakTM Membranes, Merck)
to collect microorganisms for the DNA-based molecular analyses
(Supplementary Text 2), which were stored at =20 °C until DNA
extraction. At each site, 1-3 and 10-12 filters were used to filter the
BD and TF water samples, respectively. The filtered water was stored
at 2-4 °Cin the dark until preparation for isotopic analyses. At each

site, foliar samples were collected from five trees where TF collectors
were located, chosen among those already considered for nutrient
analysis in the ICP Forests network. Three additional sites in Finland
were added later to increase the number of sites at the lower range
of nitrogen deposition (that is, <5 kg ha yr, Supplementary Table
1). Three shoots from each tree were sampled in the upper, middle
and lower third of the canopy. Professional tree climbers collected
the samplesin August 2016 (exceptin Sweden and Finland, where the
samples were collected in October 2016 and August 2017, respectively).
To avoid contact between the foliage and the ground (and possible
contamination with soil microbes), shoots were sampled from the
canopy and directly placed in labelled sterilized bags, which were
sealed when the tree climber was still in the canopy. The sealed bags
werethen droppedto the forest floor andimmediately placed inabox
containing dryice. The foliar samples were stored in the laboratory at
-20 °C until the extraction of microbial DNA.

Analyses of stable isotopes in nitrate and partitioning
between atmospheric and biological sources for TF fluxes

The site-composite samples of BD and TF water from each sampling
date were used for the measurements of the stable isotopes of NO;.
The samples were conveyed through an anion-exchange resin (AG1-X8,
analytical grade,20-50 mesh, chloride form) toretain NO,~, which was
then eluted from the resin using 20 ml of 1 MKBr and processed using
bacterial reduction and thermal decomposition to measure the *0/*°0,
70/0 and ®N/*N isotopic ratios, as described in ref. 34. The oxygen
and nitrogenisotopicratiosinthe samples were expressed in parts per
thousand (%) relative to international standards (Vienna Standard
Mean Ocean Water (VSMOW)) and atmospheric N,, respectively, to
obtain the oxygen (6'®0 and §”0) and nitrogen (§“N) isotopic composi-
tions. The long-term analytical precisions were £0.2%o (§'*0 and §"°N)
and £0.5%. (6770). The isotopic composition values are presented in
Extended Data Tables 3 and 4.

The excess 70 in atmospheric NO;", that is, A”O (expressed as
AY0=8"0-0.52 x §®0), unequivocally estimates the proportion of
NO, derived fromatmospheric deposition, becauseit is determined by
mass-independent fractionations during the photochemical produc-
tion of NO;™ in the atmosphere®. The fraction of NO,™ from biological
transformation (that is, nitrification, f;;,) in the canopy relative to
the fraction from atmospheric deposition (f,.,,) was assessed using a
mass-balance approach based on AVO values® measuredinBD and TF,
as described elsewhere®**°, Briefly, we started with

AYOr¢ = fio (A17OBio) + fam (A170Atm) 0

where A0y, A”0y,,and A”0,,,, are the values of A”Oin TF water NO; ™,
nitrification-derived NO; and atmosphere-derived NO; ", respectively,
and f;;, and f,, are the two unknown NO; fractions from the two
sources (biological and atmospheric), whose sum should be 1:

fBio +fAtm =1 2)

Jfamincluded the fractions of both the wet (fy.) and dry (f;,,) NO;~
depositions washed from the canopy and the net of the fractions
retained in the phyllosphere and/or taken up by leaves (f,), that is,
Saen =fwer + fary = fu- Assuming that AVOg;, = O (ref. 36) and that the AVO
of NO,” inBD represented both wet and dry NO,” deposition®, equation
(1) canbereducedto

B A170TF
Atm = AU—OBD

©)

which canthen be used in equation (2) to obtainf;, as

fBio =1 _fAtm 4)
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Ssio and fi Were then used to calculate the NO; N flux derived from
canopy nitrification (GCN) and the actual atmospheric NO; -N (after
accounting for GCN) using an approach similar to that applied at the
watershed scale” (Extended Data Table 4), that is, by multiplying the
measured NO; -N TF flux by f5;, and f,,. The fact that dry nitrogen
deposition was not included in the study does not affect the estimate
of GCN, as the latter is calculated from TF fluxes.

Genetic analyses

For the phyllosphere, of the five trees from which shoots (n = 3) were
originally collected, only three were used for the analysis of phyl-
lospheric microbiota, and the remaining two were used when foliar
samples did not look healthy (for example, in the Collelongo site in
Italy) and/or when not enough microbial DNA (for example, in the
forest site in Sweden) could be collected. Epiphytic microbial DNA
was obtained from 5-6 g (for F. sylvatica) and 8-10 g (for P. sylvestris)
of foliage randomly collected from each of the three shoots sampled
per tree and placed (as a composite sample for each tree) in sterile
50-mlFalcontubes. Thirty-five millilitres of 1:50 diluted Redford buffer
wash solution (1M Tris-HCI, 0.5 M Na ethylenediaminetetraaceticacid
(EDTA) and 1.2% cetyltrimethylammonium bromide (CTAB)*) was
addedtoeachtube, whichwas thenstirred for 5 min. The washing solu-
tion was transferred to a second sterile 50-ml tube and centrifuged at
3,000gfor 30 min. The pellet was transferred to 2-mI MO BIO PowerSoil
bead-beating tubes for DNA extraction, which was conducted follow-
ing the manufacturer’s instructions (DNeasy PowerSoil Kit, Qiagen,
Benelux BV; previously the PowerSoil DNA isolation kit from Mo Bio
laboratories). The microbial DNA was quantified using a NanoDrop
spectrophotometer (Thermo Fisher Scientific). For the water samples,
filters for the genetic analyses were cut into pieces and transferred
to 2-mI MO BIO PowerSoil bead-beating tubes. Microbial DNA was
extracted from all samples using an MO BIO PowerSoil DNA isolation
kit (MO BIO) following the manufacturer’s instructions, as described
for the phyllosphere.

Aliquots of microbial DNA, obtained as described above, were used
to (1) prepare amplicon libraries for Illumina 16S rRNA gene sequencing
and (2) quantify the functional genes involved in nitrification using
qPCR analyses (expressed as the number of copies of the gene per
nanogram of microbial DNA extracted from a sample), that is, genes
that encode forammonia monooxygenase subunit A (amoA) and nitrite
oxidoreductase subunit B (nxrB) catalysing the oxidation of ammonia
to nitrite and nitrite to nitrate, respectively. More details for those
analyses are provided in Supplementary Text 2.

Statistical analyses

We used t-tests to assess whether the mean of the difference between
TF and BD for nitrogen deposition in the form of NO,™~N and TN dif-
fered from zero. The data for determining the difference between TF
and BD for NH,"-N and the microbial functional genes (amoA AOA,
amoA AOB and nxrB) were not normally distributed, so we used the
non-parametric Wilcoxon-Mann-Whitney test to test the null hypoth-
esis that the median of the difference between BD and TF differed
significantly fromzero. Simple regression analyses were conducted to
identify the relationships between f;;, or GCN and the data for N deposi-
tion. All statistical analyses were conducted in R®? using the following
packages: ‘stats™ for the t- and Wilcoxon-Mann-Whitney, ‘car® for
linear regression analyses and ‘ggplot2** for the figures. Finally, the
package ‘rnaturalearth® was used for producing the map in Fig. 1a.

Data availability

Alldatausedinthe mainfigures, Extended Datafigures and Supplemen-
tary figures have been deposited in Zenodo (https://doi.org/10.5281/
zenodo.10302622). Genetic data from 16S sequence analyses are
available in the Sequence Reading Archive at the National Center for
Biotechnology Information under accession no. PRINA859654.

Code availability
The coding involved in this study is for statistical analyses, using the
specific packages described in the ‘Statistical analyses’ section.
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of Ndeposition, if the sum of NH,*-N, NO,™-N fluxes in TF was below or above
the critical nitrogen loads (CL), respectively. Empirical CLis10-15kgNha™y~!
according to Bobbink etal. * (Table 9.2).

e High Ao Low

Extended Data Fig. 1| Nitrogen fluxes expressed as difference between TF
and BD across the investigated sites. Differences between throughfall (TF) and
bulk deposition (BD) for each form of nitrogen compounds measured in 2016
atthe10sitesin the study. Different shapes indicate sites at low or high levels
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Extended Data Fig. 2| Stable oxigen and nitrogen isotope compositions of ranges of isotopic values for atmospherically and biologically derived NO;,
nitrate in forest water samples. a,b, Dual isotope plots showing the distribution  respectively, reported by Kendall et al. °°. Note that the figure reports raw
of 80 vs. 5N (a) and AYO vs. 8°N (b) measured on NO;™ in forest water samples measurements for each sampling date and that the accurate partitioning of
collected on two or three sampling dates, reported in Supplementary Table 3 the fractions of biologically derived NO,_requires examining the ratios of the
and Extended Data Tables 3, 4. The blue and orange boxes indicate the published individual BD-TF pairs in the mass balance approach (see Methods).
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Extended Data Fig. 3| Relationship between biological fraction of nitrate period (Supplementary Table 3) as listed in the Extended Data Table 4, while
and atmospheric deposition. Relationship between the fraction of nitrate annual values for TN in BD were considered (as reported in the Extended
derived from biological transformation in tree canopies (fy;,) and the annual Data Table1). See Extended Data Table 5 for the statistical results of the linear
bulk deposition (BD) of total nitrogen (TN, that is, inorganic + dissolved organic regression analysis.

nitrogen deposition) in 2016. We plot fy;, values obtained from each sampling
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Extended Data Fig. 4 | Abundance of the microbial functional genes involved
in the canopy nitrification. Abundance of the archaeal and bacterial genes
thatencode forammonia monooxygenase subunit A (amoA AOA and amoA
AOB, respectively) and the bacterial gene encoding for nitrite oxidoreductase
(nxrB). Abundance (y-axis) is expressed as copy number of a given gene relative
to nanograms of extracted DNA from foliar surfaces. All values were log-10
transformed. The sites on the x-axis follow a latitudinal order from north to

Pinus sylvestris

south. Number of observations (n) for each functional gene is: n=3 at each site,
except foramoA AOB in Bertiz, Haguenau, Savettijarvi (n =1) and Brasschaat and
Kivalo (n=2), foramoA AOA in Kivalo and Hoeilaart (n =2) and for nxrB. The lower
number of observations at those sites were either related to low microbial DNA
extracted from the phyllosphere or to copy number lower than the minimum
values of100.
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Extended DataFig. 5| Relationship between TF-BD difference (after deposition of total nitrogen (TN). Linear regression indicated significant
correction for canopy nitrification) and nitrogen deposition. Relationship relationships between the two variables (slope: -0.4 + 0.14, R*=0.53, p=0.03),
between the difference between throughfall (TF) and bulk deposition (BD) which was stronger when the interaction term TN x Species was also included
of nitrate (NO5-N) after correction for gross canopy nitrification and bulk (R*=0.92,p<0.01).
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Extended Data Table 1| Description of the sites included in the study. Latitude (Lat), longitude (Long), annual mean

temperature (T,), total annual precipitation (P,), and annual depositions of NH,*-N, NO;™-N, and total N (TN, that is deposition
of inorganic + dissolved organic nitrogen) refer to data from 2016. BD and TF indicate bulk deposition and throughfall,
respectively. Tree species are Pinus sylvestris (PS) and Fagus sylvatica (FS). Sites were considered at low or high levels
of N deposition if the sum of NH,*-N, NO,™-N fluxes in TF was below or above the critical nitrogen loads (CL), respectively.
Empirical CLis10-15 kg N ha™ y™' according to Bobbink et al.>*, Table 9.2). Note that the sites follow a latitudinal order from
north to south. Deposition data for the sites in Finland refer to 2017. Only genetic analyses were considered at these sites;
thus, deposition data were not included in the main figures. NH,*-N deposition in 2015 and 2016 for the site in Spain were
not available due to problems with the measurements, so the averages for 2007-2014 are reported. Total nitrogen for the
sites in Sweden, France and Spain is the sum of NH,*-N and NO;™-N, because data for organic dissolved organic nitrogen

were not available. Data for climate and deposition for Collelongo in Italy refer to long-term data and 2009, respectively®’*°
Country Site Species N Lat Long Altitude Forest LAI Soil type Ta Pa NH4* NOs TN
deposition age
level
°N °E (ma.s.l) ) (m? m?) cC)  (mm) (kg Nha' y)
BD TF BD TF BD TF
Finland Punkaharju!  PS Low 61,77 29,33 98 90 n/a Rustic Podzols 442 744 1.2 0.5 1.2 06 29 20
Finland Kivalo! PS Low 66,36 26,73 73 65 n/a Albic Arenosol 1.18 649 0.5 0.1 0.7 0.4 1.5 09
Finland Sevettijarvi'  PS Low 66,58 28,89 218 210 n/a Rustic Podzols -0.58 575 0.7 0.1 0.3 0.2 1.9 0.7
Sweden Hoka® PS Low 58,13 15,06 157 70 n/a Podzols 6.8 532 2.0 0.5 1.4 1.1 3.4 1.5
UK Thetford PS High 52,24 0,87 20 49 4.1 Arenosol 119 624 6.9 7 4.1 4.9 13 15
Belgium Brasschaat PS High 51,30 4,51 14 87 1.8 Endogleyic 10.6 855 75 12.1 5.6 77 158 254
Brunic Albic
Hypoluvic
Arenosol
UK Rogate PS Low 51,10 -0,52 115 66 4.4 Podzols 11.7 747 4.4 5.8 29 3.5 9.7 13.1
UK Alice Holt FS Low 51,15 -0,86 80 81 6.0 Gleysols 11.7 747 33 3.8 3.9 33 9 11.5
Belgium Hoeilaart FS High 50,74 4,41 129 107 1.8 Albic Cutanic 10.4 787 6.1 8.2 6.2 7.2 157 22.1
Alisol
France Haguenau® PS Low 48,85 7,71 175 91 2.1 Podzols 10.2 852 5.7 3.8 2.8 2.8 8.5 6.6
Switzerland  Schiinis FS High 47,16 9,06 733 150 55 Eutric Cambisol 10.1 1951 7.5 7.6 53 5.5 147 178
Spain Bertiz?* FS Low 43,16 -1,62 290 150 3.3 Leptic cutanic 129 1568 4.5 3.5 3.1 5.4 8.0 8.5
Alisol
Italy Collelongo®  FS Low 41,84 13,58 1560 125 55 Humic 72 1140 3 3 3 5 7.5 12.7
Acrisols

! Deposition data at these sites refer to 2017. Only genetic analyses were considered at these sites, thus deposition data were not included in the main figures.
2 NH,*-N deposition in 2015 and 2016 were not available due to problems with the measurements, so the averages for 2007-2014 are reported.

#Total nitrogen is the sum of NH4*-N and NOj3™-N, because data for organic dissolved organic nitrogen were not available.

3 Source: [66, 67, 68]. Data for climate and deposition refer to long-term data and 2009, respectively.
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Extended Data Table 2 | Differences between TF and BD for NH,*, NO;", and TN fluxes expressed as NH,*-N, NO,™-N, and
TN measured at each site. Differences are calculated from the annual deposition in 2016 and from long-term averages.
We also report results from the two-sided t-test (for NO;-N and TN) and the Wilcoxon-Mann-Whitney test (for NH,*-N)
for differences calculated for TF and BD fluxes in 2016. Diff indicates the difference between TF and BD for each form of

nitrogen, and Cl and df indicate the confidence interval and degrees of freedom, respectively. The sites follow a latitudinal

order from north to south

Country Site TF-BD difference (kg N ha! y'l)
2016 Long-term Period
NH," NO;5 TN NH,* NOs TN
Sweden Hoka -1.53 -0.3 -1.89 -1.79 -1.14 -2.93 1997-2018
UK Thetford 0.1 0.8 2 3.2 2.2 7 1996-2016
Belgium Brasschaat 4.6 2.1 9.6 9.6 3.6 15.5 1996-2016
UK Rogate 14 0.6 34 -0.7 0 0.4 2010-2016
UK Alice Holt 0.5 -0.6 2.5 0.6 0.3 3.9 2005-2010
Belgium Hoeilaart 2.1 1 6.4 0.9 1 3 1996-2016
France Haguenau -1.87 -0.02 -1.89 2.31 2.17 4.49 1992-2016
Switzerland Schénis 0.1 0.2 3.1 0.15 1.62 6 1999-2016
Spain Bertiz -1.36 1.92 0.56 -1.36 0.48 -0.69 2007-2016
Italy Collelongo' 0 2 5.2 0 2 5.2 2009
Test Nitrogen form Hypothesis Mean CI t df p value
t-test NO;s™-N Diff=0 0.77 0.07 1.47 2.4826 9 0.03
TN Diff=0 2.9 0.34 5.45 2.5631 9 0.03
Median CI CI W df p value
Wilcox. test ~ NH4*-N Diff=0 0.10 -1.53 -2.10 28 9 0.55

"We only had values for 2009.
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Extended Data Table 3 | Concentrations of NO;™ in the BD and TF water collected on different sampling dates. We also report
5"°N and 3'®0 for each sampling date. n/a indicates that no values were measured for a sampling date due to very low NO,"
concentrations and/or instrument failure. [1], [2] and [3] indicate the sampling dates detailed in the Supplementary Table 3

Site Concentration (mg L) 8N (%) 5"%0 (%0)

BD TF BD TF BD TF

11 [21; [3] (11 [2]; [3] (11, [2]; [3] 11 21 [3] 1 25 3] 11 [21; [3]

Hoka 0.18;0.34;0.31  0.13;0.42;0.28  29.39; n/a; n/a -1.17; n/a; 16.37 56.24 69.52; n/a; 64.86
Thetford 0.48;0.38; 0.5 1.31;1.50; 1.79  -1.50; -7.48;-12.67  -2.62;-3.30;-19.19  33.59; 38.14; n/a 47.60; 42.74; 29.21
Brasschaat  2.90; 1.66 5.85;3.7 -24.91; -6.34 -8.99; 1.92 32.57;35.36 39.38; 62.63
Rogate 0.21;0.29;0.50  0.44;0.52;0.95  6.38; 1.99;5.62 -2.17;-1.74;-0.88  61.06; 68.42; 65.12  46.05; 38.37; 54.51
Alice Holt  0.45;0.15;0.49  0.47;0.13;040  6.36 9.75; -1.87; 5.41 63.85; n/a; n/a 40.24; 60.09; 50.17
Hoeilaart 2.77;2.28 4.70; 2.63 n/a; 14.68 -23.77; 6.54 n/a; 41.59 21.39; 16.19
Haguenau®  1.59; n/a; 1.42 4.69; n/a; 2.48 -4.17; -3.23; -7.29 21.39; n/a; 19.30 67.84;71.75;78.62  27.39; n/a; 34.05
Schinis 1.03; 1.17; 0.37 1.46; 3.56; 0.31 14.74; 6.31; -6.95 0.77; -0.29; -2.04 66.61; 60.24; 67.64  67.27; 62.93; 21,45
Bertiz’ 4.89;1.33;2.31  6.02;1.70;2.87  n/a; -6.85; 4.15 n/a; 11.05; 12.05 n/a; 47.93; 46.93 n/a;10.32; 45.21
Collelongo®  0.64;0.26;0.29  0.66;0.24;0.30  6.21;2.90; -6.21 -7.53; 11.06; 5.91 60.99; 66.20; 32.71  28.07; n/a; 55.89
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Extended Data Table 4 | A0 values of NO;™ in bulk deposition (BD) and throughfall (TF) for each sampling date (indicated
as [11;[2];[3], see Supplementary Table 3) and the NO,™ fraction derived from atmospheric and biological transformation

(f . and 5, respectively) obtained using the mass-balance approach based on A”0-NO," in TF and BD (see Methods in the
main text). Finally, we also show the partitioning between Biological and Atmospheric NO;™ TF flux (mean and standard
deviation, SD at each site), which was obtained by multiplying the total NO,™ TF flux by f;;, and f,,,, for each sampling date.
n/a indicates that no values were measured for a sampling date due to very low NO,™ concentrations and/or instrument
failure. The data are shown in Figs. 2-4. Note that occasional values >1 and <0, for example Hoka and the sampling dates for
Thetford, Brasschaat, Haguenau, Bertiz, and Collelongo (see Supplementary Text 1), were not included in the calculations
of NO;™ flux. Brasschaat* refers to isotopic measurements in NO,™ obtained from wet-only collectors, in addition to the NO;"
obtained from the traditional approach common at all sites and described in the Methods)

Site A0 —NO3 (%0) NO; fraction (f) NOj flux (kg N ha! y!)
BD TF Biological (fsi))  Atmospheric (fam)  Biological Mean (SD)  Atmospheric Mean (SD)
[11; [2]; [3] [11; [2]; [3] [1]; [2]; [3] [1]; [2]; [3]
Hoka n/a; n/a; 17.21 28.19;31.02;23.77 <0 >1 - - - -
Thetford 18.98; 18.93; 11.26  19.48;23.41; 10.78  <0; <0; 0.04 >1;>1;0.96 0.21 0.21 4.69 4.69
Brasschaat " 15.99; 16.68 7.18;22.45 0.55; <0 0.45;>1 4.24 3.23(1.79) 3.46 447 (1.79)
Brasschaat* " 16.14; 26.46 0.56; 0.15 0.44; 0.85 4.28;1.17 3.42;6.53
Rogate 24.12;28.27,27.66 19.24;20.73;21.91 0.20;0.27;0.21  0.80;0.73; 0.79 0.71;0.93;0.73  0.79 (0.13)  2.79;2.57; 2.71(0.13)
2.77
Alice Holt® 24 .56; n/a; n/a 23.53;25.58;21.33  0.04;0.10;0.23  0.96; 0.90; 0.77 0.14;0.31;0.76  0.40 (0.32)  3.16;2.99; 2.90 (0.32)
2.54
Hoeilaart 13.53; 15.50 2.70; 6.49 0.80; 0.58 0.20; 0.42 5.76; 4.18 497 (1.12)  1.44;3.02 2.23(1.12)
Haguenau 23.63;25.17;34.84 20.92;27.94;28.18 0.11; <0;0.19 0.89; >1; 0.81 0.32; 0.53 0.42 (0.15) 2.44;2.23 2.34(0.15)
Schiinis 32.52;29.61; 10.62 10.14; 8.30; n/a 0.69; 0.72; n/a 0.31;0.28; n/a 3.79; 3.96 3.87(0.12) 1.71;1.54 1.63 (0.12)
Bertiz n/a;23.52;11.55 n/a;18.85;15.70 0.20; <0 0.80; >1 1.07 1.07 4.30 4.30
Collelongo @ 31.53;27.17;7.98  n/a; n/a;23.55 0.25;0.13; 0 0.75;0.87; >1 1.26; 0.67 0.97 (042) 3.74,4.33 4.03 (0.42)

(' To A0 values measured in BD (Brasschaat) and wo (Brasschaat’) deposition correspond same A!'’O values measured in TF.

@ In the mass balance approach we used A'7O values in BD measured in the nearby site Rogate (19 km apart).

& Assuming the same values for A'7O TF in sampling dates [1] and [2].

Nature Geoscience


http://www.nature.com/naturegeoscience

Article

https://doi.org/10.1038/s41561-023-01364-3

Extended Data Table 5 | Results from the simple linear regression analyses for the relationships between f;,, or gross canopy
nitrification (GCN) and bulk deposition (BD) of total nitrogen (TNg) and of NH,*-N (NH,*-Ng;). SE indicates standard error

Model Estimate t-value  p-value R’
Slope (SE)

feio~TNgp 0.05(0.01)  4.399 0.00039  0.53

faio~NH, -Npgp 0.08 (0.03) 2978 0.009 0.34

GCN~ TNpp 0.44 (0.08) 5.643 0.005 0.65

GCN ~NH,"-Ngp 0.65 (0.20) 3.268 0.000029  0.39
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