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Recently, Duan et al. (this Com- 
ment) challenged these findings, based 
on the re-analyses of data presented in 

G2024. They found overall a weak re- 
lationship between fBio or GCN (esti- 
mated from stable oxygen isotopes and 
N fluxes) and abundance of archaeal 
and bacterial nitrifiers (from quantita- 
tive polymerase chain reaction). The 
authors identified three limitations in 

G2024 that could contribute to explain- 
ing the lack of the relationship. While 
the points raised by Duan et al. are 
relevant, we show that they do not 
provide compelling evidence disprov- 
ing the occurrence of GCN as quanti- 
fied in G2024. 

An important premise is needed. 
G2024 quantified the process and its 
contribution in terms of N flux inte- 
grated over the growing season. How- 
ever, the molecular analyses did not al- 
low ascertainment of when nitrifiers 
were active in carrying out the pro- 
cess. For instance, nitrifiers may be 
more active in processing atmospheric 
N during a dry period, when dry de- 
position can be retained and it re- 
mains on leaf surfaces for longer pe- 
riods [12 ]. The mass balance approach 

based on �17 O in G2024 detects the 
biologically derived NO3 

− cumulated 
over days or months, which is washed 
off the canopies during a precipitation 

event, thus adding on the atmospheric 
input of NO3 

− in TF. This can lead to a 
decoupling between when the process 
occurs and when it is detected. Hence, 
it is not surprising that canopy nitrifi- 
cation and nitrifiers abundance show a 
weak correlation. 

LIMITATION 1: STEMFLOW 

NEGLECTED IN FOREST 

ECOSYSTEM FLUXES 

Duan et al. argued that one of the pos- 
sible reasons for the weak relationship 
between GCN and abundance of nitri- 
fiers can be the exclusion of stemflow 

(SF) flux in G2024. The flux reaching 
the soil via SF would greatly depend on 

bark features as well as canopy inter- 
ception, besides precipitation. For in- 
stance, SF in F. sylvatica can be higher 
than in P. sylvestris , due to its smoother 
bark and funnel-shaped crown [14 ]. 
We focused on TF as it is generally a 
higher flux than SF, particularly dur- 
ing summer [3 ,15 ] and it is the flux 
most frequently considered in studies 
assessing the role of tree canopies in re- 
taining or releasing N [6 ]. To the best 
of our knowledge, only one study re- 
ported presence of nitrifiers on stem 

bark [16 ], but the process itself was 
not quantified. Even if nitrifiers were 
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orest canopies have long been recog- 
ized for their significant role in nitro- 
en (N) cycling [1 –6 ]. Since the first 
vidence of nitrifiers colonizing the 
hyllosphere of Norway spruce back 
n 2002 [7 ], nitrification has been dis- 
ussed as a key biological process in the 
nteraction between atmospheric N and 
ree canopies [8 –12 ]. However, its rel- 
vance at the ecosystem scale has been 

arely elucidated. Guerrieri et al. [13 ] 
from now on, referred to as G2024) 
uantified the contribution of biologi- 
al nitrification to ecosystem N fluxes 
nd demonstrated the presence of nitri- 
iers in the phyllosphere of Fagus sylvat- 
ca ( F. sylvatica ) and Pinus sylvestris ( P. 
ylvestris ) forests across a broad envi- 
onmental gradient in Europe. G2024 
ound that on average 32% ± 25% of 
he total NO3 

− in throughfall (TF) de- 
ived from canopy nitrification, with a 
ange of the fraction of NO3 

− coming 
rom biological transformation ( fBio ) 
rom 4% to 80%. fBio was higher in 

. sylvatica than P. sylvestris , and it 
ncreased with atmospheric N depo- 
ition. When accounting for fBio in 

F fluxes, G2024 reported that gross 
anopy nitrification (GCN) added 0.40–
.97 kg N ha−1 yr−1 ( F. sylvatica ) and 
.21–3.23 kg N ha−1 yr−1 ( P. sylvestris ) 
o the NO3 

− from atmospheric deposi- 
ion. 
The Author(s) 2026. Published by Oxford University Press on behalf of China Science Publishing & Media Ltd. This is an Open Access article distributed under the terms of the
reative CommonsAttribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided 
he original work is properly cited. 
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resent on the bark and nitrification oc- 
urred, we would have underestimated 
CN, but this does not disprove the 
ccurrence of the process. For exam- 
le, at sites G2024 observed the high- 
st fBio , i.e. F. sylvatica in Hoeilaart and 
. sylvestris in Brasschaat, the long-term 

1996–2023) contribution of SF to to- 
al precipitation (TF + SF) was 1% 

nd < 6.4%, respectively (Verstraeten, 
ersonal communication), which is in 

ine with data measured across the ICP 

orests Level II sites (17; Waldner et al. , 
ersonal communication). For F. sylvat- 
ca in Hoeilaart we could calculate the 
Bio and GCN for 2016. NO3 flux in 

temflow was 0.2 kg ha−1 yr−1 (TF was 
.2 kg ha−1 yr−1 ), fBio was 0.17, leading 
o a GCN of 0.034 kg ha−1 yr−1 . Bac- 
erial nitrifiers in stemflow water (both 

acterial amo A and bacterial nxr B) were 
resent (107.3 and 105.1 copy number 
er ng of DNA extracted, respectively), 
hile archaeal nitrifiers ( amo A) were 
ot detected. Again, this may underesti- 
ate GCN, but it does not disprove the 
ey message in G2024 that nitrification 

ccurs in the phyllosphere. 

IMITATION 2: NEGLECTING 

ITRIFICATION BY FUNGI AND 

OMAMMOX AND OTHER 

OMPONENTS IN THE 

HYLLOSPHERE 

uan et al. suggested that the lack of re- 
ationship between GCN and nitrifiers 
ould be due to the exclusion of fun- 
al and comammox nitrifiers as well as 
f flowers and fruits/cones as phyllo- 
phere components. Assuming fungal 
nd comammox nitrifiers were present 
nd actively involved in nitrification, 
ur study would underestimate the ab- 
olute abundance of nitrifiers in the 
hyllosphere, but again, this argument 
oes not go against the occurrence of 
he process. 

Flowers and fruits/cones are impor- 
ant components of the phyllosphere, 
ut their phenology is shorter com- 
ared to the foliage. Flowering and 
ructification normally occur at the be- 
inning of the growing season [18 ,19 ]; 
articularly in the case of F. sylvat- 
ca , fructification alternates mast years 
ith low fruit production years [20 ]. 
hether nitrifiers can be present and 

e active in pine cones and seed cap- 
ules remains to be explored. Our ex- 
erimental design aimed at capturing 
he biological process at the maximum 

f canopy cover (in terms of leaf area 
ndex) and of host tree physiological ac- 
ivities. Assessing the biological trans- 
ormation of atmospheric N following 
he phenology of tree canopies and their 
omponents should be the next impor- 
ant step, but it was not the goal of the 
tudy in G2024, which focused on spa- 
ial rather than seasonal canopy nitrifi- 
ation. 

IMITATION 3: UNCERTAINTIES 

ELATED TO THE ISOTOPE 

PPROACH 

he limitation raised regarding the iso- 
ope approach neglects key theoreti- 
al understanding on isotope fraction- 
tion processes involving NO3 

−. Even 

hough the 0.52 coefficient may vary 
n the relationship between δ17 O and 
18 O (the range reported in the liter- 
ture is 0.5–0.53 [21 ]), it remains that 
iological transformations are associ- 
ted with mass-dependent isotope frac- 
ionations, which lead to �17 O equal to 
ero [22 ]. Whereas atmospheric NO3 

−

s mostly related to mass-independent 
sotope fractionations during photo- 
hemical reactions leading to an ex- 
ess of 17 O, with �17 O > 0 [22 ]. In 

015, Guerrieri et al. [11 ] compared the 
stimate of fBio using both �17 O and 
18 O. While the magnitudes differed, 
oth methods indicated the occurrence 
f canopy nitrification. The discussion 

hould rather focus on capturing sea- 
onal changes in atmospheric NO3 

−–
17 O and in NO3 

− collected directly on 

eaf surfaces, which can both strengthen 

he estimate of fBio and be more directly 
inked to the abundance of nitrifiers. 

We are grateful to Duan et al. for 
he positive comments on G2024 and 
or highlighting relevant areas of im- 
rovements. We welcome additional 
vidence that supports or challenges the 
ccurrence of canopy nitrification and 
Page 2 of 3
ts relevance in the ecosystem N flux. 
e hope this discussion will inspire 

urther research into the microbes in- 
abiting forest canopies and their role 
n the atmosphere–tree canopy interac- 
ions, employing multidisciplinary and 
ulti-scale approaches. There is no 
oubt that in situ (leaf surface) nitrifica- 
ion should be quantified, perhaps un- 
er manipulative conditions (e.g. NH3 
nhancement systems [23 ] and/or us- 
ng labeled N and O isotopes) coupled 
ith omics approaches [24 ,25 ] based on 

NA analyses, to directly link the pro- 
ess to active nitrifiers and their con- 
itions. We conclude that the overall 
eak relationships found between fBio 
r GCN and abundance of nitrifiers 
hould not be over-interpreted, since 
one of three limitations highlighted 
y Duan et al. is likely to challenge our 
ain conclusion. 
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