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Abstract  Atmospheric deposition is a critical 
driver of biogeochemical cycling in forest ecosys-
tems. Among the pathways of deposition, throughfall 
(TF) — precipitation that has interacted with the for-
est canopy — plays a significant role in the input of 
atmospheric substances and canopy leachates to the 
forest floor. We investigated the influence of airborne 
pollen deposited in TF on its chemical composition 

across 60 Level II plots of the ICP Forests network in 
eight European countries. Based on 196 TF samples 
collected during the 2018 early vegetative season, we 
identified 53 pollen taxa, with Pinus, Picea, Fagus, 
and Quercus accounting for 91.4% of the total grains. 
Linear mixed-effects models revealed significant 
positive links between pollen deposition rates and 
TF fluxes of several ions, especially potassium (K⁺), 
which was explained by pollen abundance of all four 
main tree genera. Additionally, pollen of broadleaved 
taxa (Fagus, Quercus) influenced fluxes of the non-
purgeable organic carbon (NPOC), dissolved organic 
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nitrogen (DON), ammonium (NH4
+), and phosphate 

(PO4
3−). Conversely, broadleaved pollen showed a 

weak negative link with nitrate (NO₃⁻) fluxes, even if 
its interpretation requires a cautious approach, as sev-
eral non-mutually exclusive pathways could explain 
it. Fractionation of the DOC pools highlighted a 
higher potential for microbial origin in broadleaves 
than in conifers. These findings provide the first con-
tinental-scale evidence of a link between pollen and 
TF water chemistry, concurrently analyzed on each 
water sample. This study underscores the ecological 
significance of pollen beyond plant reproduction and 
the need to consider flowering phenology and pollen 
release in forest deposition and nutrient assessments.

Keywords  Tree pollen deposition · Atmospheric 
deposition · Forest nutrient cycle · ICP Forests

Introduction

Substances in the atmosphere can be transferred to 
forest ecosystems through wet (rain, snow) and dry 
(gas, particulate) deposition. This process plays a 
significant role in biogeochemical cycling within for-
ests, influencing soil chemistry, nutrient availability, 
and overall forest health (Johnson & Lindberg, 1992; 
McDowell et  al., 2020). When passing through the 
tree canopy, atmospheric precipitation is subjected 
to changes in chemical composition due to washing 
and exchange (both leaching and uptake) processes, 

as shown by the comparison between throughfall (TF) 
and bulk open-field precipitation samples (Cerniaus-
kas et al., 2024; Grundmann et al., 2024; Limić et al., 
2024). The effects of canopy exchange processes have 
also been confirmed by branch washing and adsorp-
tion experiments in Quercus robur, Quercus ilex, and 
Fagus sylvatica stands (Adriaenssens et  al., 2012; 
Ruiz-Checa et al., 2024).

The canopy exchange processes show seasonal 
variations that are partly related to the phenological 
stages of the forest stands (Staelens et  al., 2011). In 
a mixed temperate forest, for example, throughfall 
was shown to be enriched in ionic nutrient fluxes 
compared to precipitation, with the enrichment peak-
ing in spring (Grundmann et  al., 2024). Likewise, 
in an oak stand, TF enrichment in potassium (K+) 
peaked in spring and again in autumn (Thimonier 
et al., 2008). In pine forests, K+ deposition was mark-
edly elevated during spring and early summer, which 
coincided with the phenological phase of flower-
ing (Limić et al., 2024). Similarly, concentrations of 
base cations (K+; calcium, Ca2+; magnesium, Mg2+; 
sodium, Na+) in TF reached their highest levels in 
spring in both pine (Pinus) and spruce (Picea) for-
ests in Finland (Ukonmaanaho et al., 2014). A multi-
year study carried out at European level (Verstraeten 
et al., 2023) highlights the potential role of pollen in 
precipitation chemistry. The latter study showed that 
the TF element fluxes measured in different European 
forest stands were related to seasonal airborne pol-
len amounts assessed in the surroundings, during the 
main pollen season.

When flowering, anemophilous tree plants pro-
duce  —  and release into the atmosphere  —  large 
amounts of pollen grains, which ultimately deposit 
on different surfaces (e.g., vegetation, ground, lakes). 
Pollen amounts collected by an aerobiological sam-
pler may vary significantly within and between years 
and locations, due to factors such as the distance of 
the pollen source (Bogawski et al., 2019), plant spe-
cies composition and abundance (Charalampopoulos 
et  al., 2018), pollen shape and size which influence 
flying capacity, and meteorological conditions (Pang 
et  al., 2025). For instance, annual Pinus and Picea 
pollen deposition, measured as the number of pol-
len grains deposited per space and time unit, moni-
tored over an 18-year period in ten sites in boreal for-
est areas of Fennoscandia, ranged from 180 to 2500 
(Pinus) and from 5 to 300 grains cm−2 year−1 (Picea), 
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depending on the tree species abundance in the sur-
roundings of the sampling sites (Hicks, 2001). Addi-
tionally, along a north–south transect in Europe, aver-
age annual Fagus pollen deposition rate reflected the 
abundance of beech trees, with values ranging from 
1400 grains  cm−2  year−1 in beech-dominated for-
ests to ca.  40 grains  cm−2  year−1 where beech trees 
were scarce or absent (Pidek et al., 2010).

Pollen contains mono- and oligosaccharides (sug-
ars), proteins, nutrients such as nitrogen (N), potas-
sium  (K), sulphur (S), copper (Cu), iron (Fe), zinc 
(Zn), and other metabolites (Kostić et al., 2015; Val-
verde et al., 2023). Although the chemical enrichment 
of TF in comparison to precipitation is well recog-
nised (McDowell et al., 2020), the specific contribu-
tion of pollen to TF chemistry has not been directly 
quantified. Currently, routine throughfall monitoring 
typically ignores pollen as a variable and its poten-
tial role in TF chemistry; consequently, the chemical 
effects observed in the field may be entirely misat-
tributed only to canopy leaching or atmospheric dep-
osition. With this study, we aim to provide the first 
continental-scale evidence linking pollen deposition 
directly to throughfall chemistry using the same water 
samples.

Specifically, we aim to test the hypothesis that var-
iations in throughfall chemistry in European temper-
ate and boreal forests are driven by pollen abundance 
during the early vegetative season.

Methods

Sampling sites and procedure

The study is based on TF samples collected in 2018 at 
intensive monitoring plots (Level II) in the frame of 
the International Co-operative Programme on Assess-
ment and Monitoring of Air Pollution Effects on For-
ests (ICP Forests; http://​icp-​fores​ts.​net/) (Schwärzel 
et  al.,  2025). Generally, a Level II plot has a mini-
mum area of 0.25 ha, is located within a forest area of 
homogeneous ecological condition and hosts perma-
nent equipment; the plot selection and management, 
including TF sampling, are within the responsibility 
of the respective country (Ferretti et  al., 2020). TF 
collectors are generally placed at random positions 
or according to a systematic grid under the canopy, 
which means that there is no preference in terms of 

canopy cover above them  (Clarke et  al.,  2025). For 
this study, 60 ICP Forests Level II plots across 8 
European countries (Belgium, Finland, France, Ger-
many, Italy, Norway, Switzerland and United King-
dom) were considered (Fig. 1a; Table S1). Plots were 
selected to represent forest stands where the domi-
nant tree genus was Abies (n = 6 plots), Fagus (n = 11 
plots), Larix (n = 1 plot), Picea (n = 19 plots), Pinus 
(n = 13 plots), or Quercus (n = 10 plots). Overall, 
plots were located along an altitudinal range from 
14 to 1900  m a.s.l. (Fig.  1b). A total of n = 196 TF 
samples were collected at the aforementioned Level II 
plots on a weekly-to-monthly basis and covered, over-
all, the period from 11th February to 17th July 2018 
(Table S1, Fig. S1).

Pollen analysis

The same TF samples previously analysed for the 
chemical composition (Verstraeten et al., 2023) were 
considered for the qualitative and quantitative charac-
terization of pollen deposition. For each TF sample, 
a water sub-sample (min 15 mL, max 200 mL) was 
filtered using a 5.0  µm cellulose nitrate mesh filter 
(Merck Millipore Ltd., Carrigtwohill, Co. Cork, Ire-
land). After adding a known amount (ca.  155,000) 
of 10  µm calibrated polystyrene-divinylbenzene 
(DVB) microspheres (SPI Supplies Division Struc-
ture Probe, Inc. 206 Garfield Avenue, West Chester, 
PA 19381–0656 USA), each filter was dissolved in 
acetone, centrifuged (Eppendorf 5810 R, Hamburg, 
Germany) at 4000 rpm for 5 min and the supernatant 
eliminated; the pellet was resuspended with distilled 
water, centrifuged at 4000  rpm for 5  min and the 
supernatant eliminated; 3–4 drops of glycerine were 
added to the pellet, and dried at 65 °C overnight. An 
aliquot of the pellet (approx. 5–6 drops) was trans-
ferred on a slide and embedded in fuchsin jelly for 
the microscopic pollen identification and quantifica-
tion. Slides were examined for pollen identification 
(Faegri & Iversen, 1989); POLIMAGE DB, http://​
meteo.​iasma.​it/​cgi-​bin/​polli​ni/​start.​cgi?​lang=​IT&​
UT=​OSPIT​E&​WP=​−1, last accessed on 14 April 
2025) and counting by highly trained operators. Mor-
phological pollen analysis for taxa identification was 
performed using an optical microscope (Leitz Dia-
plan, Ernst Leitz Wetzlar, Wetzlar, Germany) under 
400 × magnification. Pollen counts stopped when 
c.a. 1% of the added microspheres had been counted. 
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Pollen deposition rate (Pd), i.e. the number of pollen 
grains (P) per unit of surface area and time (P m−2 
d−1) was then calculated as follows: where:

(1)Pd = ((CP × (TM∕CM)∕VF) × TQ) × t−1

Fig. 1   Location of the 
n = 60 ICP Forests intensive 
monitoring Level II plots 
where throughfall samples 
were collected in 2018 
a, and their altitudinal 
distribution b; each colour 
represents the dominant tree 
genus at the plot
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CP = number of counted pollen grains.
TM = number of total microspheres added.
CM = number of counted microspheres.
VF = volume (L) of filtered water.
TQ = TF quantity (L m−2).
t = TF sampling length (number of days).

Throughfall chemical composition analysis

TF sampling and determination of precipitation amount 
were carried out by the respective countries following 
the harmonized methods described in the ICP Forests 
Manual Part XIV (Clarke et al., 2025). After collection, 
TF samples were stored in the dark at 4 °C and trans-
ported to the INBO-laboratory in Belgium. Concentra-
tions of Ca2+, K+, Mg2+, Na+, chloride (Cl−), phosphate 
(PO4

3−), sulphate (SO4
2−), nitrate-nitrogen (NO3

−), 
nitrite-nitrogen (NO2

−) and ammonium-nitrogen 
(NH4

+) were determined on filtered (0.20  µm syringe 
filter, Chromafil A20/25) subsamples using a Metrohm 
IC 930 ion chromatograph (Metrohm AG, Antwerp, 
Belgium). Concentrations of total dissolved nitrogen 
(TDN) and non-purgeable organic carbon (NPOC) 
were measured on unfiltered acidified subsamples with 
a FormacsHT TOC/TN analyzer (Skalar, Breda, Neth-
erlands) after a preliminary test showed that filtration 
had no effect on the results of this method. The limits of 
quantification (LOQ) of solutes are:

0.1 mg  L−1 for Ca2+, Na+, Cl−, PO4
3−, SO4

2−, 
NO3

−, and NO2
−; 0.05 mg L−1 for K, Mg, and NH4

+; 
0.5 mg L−1 for TDN; 1 mg L−1 for NPOC.

The concentrations of dissolved organic nitrogen 
(DON) were calculated by subtracting the sum of 
inorganic nitrogen forms from total dissolved nitro-
gen TDN as follows:

Quality assurance in the ICP Forests programme 
is ensured through routine reviews of sampling and 
analysis procedures by the Expert Panels, labora-
tory ring tests, and data validation processes as 
outlined in the ICP Forests Manual Part XVI (Fürst 
et al., 2020).

DOC fractionation

Dissolved organic carbon (DOC; mg L⁻1) was quanti-
fied as total organic carbon in TF following filtration. 

(2)DON = TDN − (NO3−N + NO2−N + NH4+N)

TF subsamples were passed through 0.45  μm cellu-
lose nitrate membrane filters (Fisher Scientific) and 
analyzed on a TOC analyzer (TOC-L, Shimadzu Cor-
poration, Japan).

Dissolved organic carbon quality was further 
described using three indices: SUVA₂₅₄ (specific 
ultraviolet absorbance at 254 nm), the humification 
index (HIX), and the fluorescence index (FI). The 
specific ultraviolet absorbance SUVA₂₅₄, used as a 
proxy for the aromatic and comparatively recalci-
trant fraction of DOC (Hansen et  al., 2016), was 
determined from UV absorbance of the filtered 
samples measured at 254  nm with a spectropho-
tometer (Jenway 5000, Jenway, UK). Ultrapure 
water served as the baseline, and blanks were run 
after every five samples. SUVA₂₅₄ (L mg⁻1  m⁻1) 
was calculated as:

Fluorescence characteristics of DOC were meas-
ured with a microplate reader (SpectraMax i3x, 
Molecular Devices, USA). For HIX, emission spectra 
were recorded at an excitation wavelength of 254 nm 
over 300–480 nm in 5 nm increments (Ohno, 2002), 
and the index was calculated as:

where I is fluorescence intensity.
The humification index HIX reflects the degree of 

humification, i.e. the extent to which organic matter 
has been decomposed and transformed into humic 
substances.

The fluorescence index FI was calculated as 
the ratio of emission intensity at 470  nm to that at 
520 nm at an excitation wavelength of 370 nm (McK-
night et al., 2001). The index FI is used to infer DOC 
source, with values > 1.9 typically indicating predom-
inantly microbial-derived DOC (e.g. bacterial lysates 
and extracellular products) and values < 1.4 sug-
gesting a stronger contribution from terrestrial plant 
material, such as lignin-derived compounds (McK-
night et al., 2001).

Data analysis

Pollen deposition rates (i.e., the number of pollen 
grains deposited per unit of surface area and time) of 

(3)
SUVA254 = (Absorbance254[cm−1]∕DOC[mg × L−1])

× 100[cm ×m−1]

(4)HIX = ΣI435→480∕(ΣI300→345 + ΣI435→480)
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all the taxa identified in the n = 196 TF samples were 
considered to describe the overall pollen spectrum, 
i.e., the pollen taxa list and relative abundances. In 
addition, pollen deposition rate percentages were con-
sidered separately at the level of the six stand types 
defined by the dominant tree genus.

The variations over time of Fagus, Quercus, Picea, 
and Pinus pollen abundance (i.e., the pollen curves) 
were obtained by averaging all the deposition rate 
values with the same sampling starting date (i.e., the 
week number) within the respective taxon; results were 
min–max normalized for the graphical representation. 
Abies and Larix were excluded, also for the following 
analyses, because TF samples did not cover — thus 
were not representative for — the flowering period.

By combining the main flowering period of each 
tree genus, as reported by Bledý et  al. (2024) and 
Meng et al. (2022), and the temporal variation of pol-
len amounts recorded in this study, the main pollen 
season (MPS) period was defined for each taxon by 
including, if necessary, up to three weeks before and 
after the pollen peak date.

Differences in TF compound fluxes between 
tree genera were tested with the nonparametric 
Kruskal–Wallis test (TIBCO Statistica 14.0.1.25), 
considering the data over the period April–June 2018 

(weeks 14–26), common for the four tree genera. Dif-
ferences in DOC characteristics (SUVA254, HIX, FI) 
between tree genera were tested with the nonparamet-
ric kruskalmc multiple comparison test using the R 
package ‘pgirmess’.

Statistical analysis was performed using R  ver-
sion 4.4.1 (R Core Team, 2024) within the RStudio 
environment (version 2024.06.1). Linear mixed-
effects models (LME) for the TF fluxes as a func-
tion of mean weekly pollen deposition rates in the 
MPS were evaluated for the four genera Fagus, 
Quercus, Picea and Pinus, and the sum of the two 
broadleaves (Fagus + Quercus) and the two conifers 
(Picea + Pinus), using the R package ‘lme4’ (Bates 
et  al., 2015). Deposition rates (adding + 1 because 
the data contains zeroes) and TF fluxes were log-
transformed to better approach a non-normal dis-
tribution. Plot ID was included as a random effect 
to account for differences in location and sampling 
methods. A compound symmetry structure corre-
sponding to uniform correlation (corCompSymm) 
was included to account for autocorrelation between 
repeated samples at the same location if signifi-
cant. This resulted in the following model formula 
(y = chemical variable, i = tree genus, j = Level II 
plot, ε_ij = residual error):

(5)log(TFflux_y) ∼ log(Ps_i) + random(plot_j) + corCompSymm(∼ 1|plot_j) + ε_ij

The validity of models was checked based on his-
tograms of the residuals and homogeneity of residuals 
variance in function of the fitted values.

Results

Overall, 57% of TF samples fell within the respective 
tree genus flowering period for at least 50% of their 
sampling duration (Fig.  2; Fig.  S1); 46% and 100% 
of TF samples in Abies and Larix stands were out of 
the respective flowering periods, thus not being rep-
resentative for the pollen deposition. As for the sam-
pling frequency of TF samples, the largest proportion 
(44.9%) corresponded to 1 week; 14.3% to 2 weeks, 
and 40.8% to 3–5 weeks (Fig. S1).

Pollen deposition

Overall, 53 pollen taxa were identified in the n = 196 
TF samples, 30 of which belonged to woody spe-
cies (98% of the total pollen counts), and 23 to non-
woody taxa (2% of the total pollen counts). Pinus was 
the most abundant pollen, representing more than 
half of the total pollen, followed by Picea, Fagus and 
Quercus, all together representing 91.4% of total pol-
len (Fig. 3). Among the non-woody taxa, Poaceae pol-
len was the most abundant (76.6% of the non-woody 
taxa; 1.6% of the total pollen), followed by Urticaceae 
(5.1% of the non-woody taxa; 0.1% of the total pollen) 
and Asteraceae (3.4% of the non-woody taxa).

In Fagus, Picea, and Pinus stands, the most abun-
dant pollen detected in the TF samples belongs to 
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the corresponding tree genus (49.7%, 59.1%, 84.3%, 
respectively); in Quercus stands, the correspond-
ing pollen (26.9%) is second in quantity after Pinus 
(Fig.  4). In Abies stands, Fagus pollen recorded the 
highest values, likely because the TF sampling hap-
pened earlier than the Abies flowering phenologi-
cal phase (see Fig. 3); Abies pollen (7.9%) was only 
the fifth in abundance. In the Larix stand (only one 

plot), the corresponding pollen was scarce (0.7%), 
while the prevailing taxon was Picea (85.8%), likely 
because the TF sampling took place after the Larix 
flowering phenological phase (see Fig. 2). Examples 
of the main pollen types detected in the TF samples, 
and related morphological characteristics examined 
for their identification are shown in Fig. S2.

The variations over time of the main pollen taxa 
abundances allowed us to more precisely define the 
MPSs, evidenced by the grey areas in Fig.  5. Both 
Fagus and Quercus MPSs span April–May (weeks 
14–22). Fagus pollen curve peaks in the last week 
of April (week 17). Quercus displays a first, greater, 
peak at week 19, and a second smaller one at week 
23; this is likely attributable to the presence of dif-
ferent Quercus species, flowering at slightly different 
times, as well as the wide spatial and altitudinal dis-
tribution of the plots (Fig.  1; Table  S1) that in turn 
influences flowering phenology of the same species. 
Picea MPS covers the weeks 14–23, peaking around 
weeks 19–20. Pinus MPS covers weeks 16–25 and 
shows the maximum value at week 19; a second small 
peak is evidenced at week 22, probably due to the 
presence of different species and different lati-altitu-
dinal distributions, as for Quercus.

Throughfall compound fluxes

Throughfall compound fluxes measured over the com-
mon period April–June 2018 on a total of n = 153 
samples collected at the Fagus, Quercus, Picea, and 
Pinus plots, are represented in Fig.  6; mean (± SD) 
values are reported in Table S2.

Fig. 2   Temporal coverage 
of TF samples collected 
in 2018 in n = 60 ICP 
Forests Level II plots across 
Europe, grouped by the 
main tree genus on the 
plot (coloured bars); the 
flowering months for each 
tree genus are shown in 
grey (following Bledý et al., 
2024 for Abies, and Meng 
et al., 2022 for the other 
genera). Timing and length 
of all the 196 TF samples 
are reported in the Supple-
mentary Material, Fig. S1

Tree
genus

Plots 
(N)

Fagus 11

Quercus 10

Abies 6

Larix 1

Picea 19

Pinus 13

JULFEB MAR APR MAY JUN

Fig. 3   Mean number of pollen grains deposited per unit sur-
face area and time (pollen deposition rate) for each of the ten 
main woody taxa, the other woody taxa, and the total of non-
woody taxa, assessed in the 196 throughfall samples collected 
in 2018 in 60 ICP Forests Level II plots across Europe, and 
percentage values in the total pollen
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Significant differences emerged between the tree 
genera for DON, PO4

3−-P, and K+, with higher values 
in Quercus than in the other three genera (Fig. 6).

DOC characteristics

The biochemical stability (SUVA254), humification 
index (HIX) and fluorescence index (FI) of TF DOC 
for each tree genus are shown in Fig. 7.

The biochemical stability (SUVA254), proxy for 
the aromatic content of DOC, was significantly 
higher in Picea than in Pinus and in Fagus TF. The 
humification index (HIX), proxy for the degree of 

decomposition and transformation of organic mat-
ter, was significantly higher in Quercus TF com-
pared with Pinus and Fagus; a significant differ-
ence was evidenced also between Picea and Fagus. 
Throughfall samples from Fagus and Quercus 
showed a significantly higher FI compared to those 
from Pinus and Picea, with median values around 
1.9 (range between 1.6 and 2.1) for the broadleaf 
species, and around 1.7 (range of 1.4 and 2.05) for 
the conifer species. Most samples displayed FI val-
ues within 1.4 and 1.9 indicating a mix of origins, 
but likely with more microbial origin for the broad-
leaf pollen (Fig. 7).

Fig. 4   Relative pollen amounts of the ten most abundant 
woody taxa, the other woody taxa aggregated, and the non-
woody taxa (i.e., the pollen spectrum) detected in the 196 
throughfall samples collected in 2018 in 60 ICP Forests Level 

II plots across Europe, for each of the six tree genus stand 
types; the pollen taxon, with the related percentage value, cor-
responding to the main tree genus is given in bold
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Relationships between pollen deposition and 
throughfall compound fluxes

Linear mixed-effects models revealed significant 
(p < 0.05) associations between pollen deposition 
rates and TF compound fluxes, although the strength 
of these relationships varied considerably across pol-
len taxa and chemical compounds (Table 1). Overall, 
all statistically significant associations identified by 
the LMMs were positive, suggesting that increased 
pollen deposition corresponded to elevated TF com-
pound fluxes. The highest variance was explained by 
Quercus pollen for NH4

+ (77.8%), and TDN (55.0%), 
while the lowest variance was explained by Picea 
pollen for TDN (6.1%). Potassium fluxes were signifi-
cantly explained by Fagus, Quercus, Pinus, and Picea 
pollen deposition in the corresponding tree genus-
dominated stands (on average, 33.2% ± 9.7%). When 
considering the combined input of Pinus and Picea 
pollen, significant positive associations were found 

for all the nutrient fluxes, excluded PO₄3⁻. Quercus 
and Fagus + Quercus pollen together evidenced the 
only weak negative associations with NO₃⁻ (p = 0.078 
and p = 0.061, respectively).

Discussion

This study provides, for the first time, temporally 
resolved, taxon-level data on pollen deposition in TF, 
along with its correlations with TF chemical com-
position in European forests. The evaluation of the 
temporal alignment between the TF sampling periods 
and the flowering phenology of the six tree genera 
initially included in the study led to the exclusion of 
Abies and Larix stand data because most of the sam-
ples were collected outside the main pollen season. 
Thus, the study focused on Fagus, Quercus, Picea, 
and Pinus stand data.

Fagus pollen in Fagus plots Quercus pollen in Quercus plots

Picea pollen in Picea plots Pinus pollen in Pinus plots 

Fig. 5   Time courses of the normalized mean deposition rates 
of Fagus, Quercus, Picea, and Pinus pollen assessed in the 
TF samples collected in all stands of the corresponding tree 

genus. The number of TF values averaged for each week is also 
reported. Grey areas represent the main pollen seasons (MPS)
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In Fagus, Picea, and Pinus stands, the corre-
sponding pollen dominated the TF pollen spectrum, 
while in Quercus stands it was second in abundance 
after Pinus pollen. Pinus produces huge numbers of 
pollen that can travel large distances via the wind 
due to the presence of the air sacs that increase its 
buoyancy (Szczepanek et  al., 2017); pollen from 
nearby areas may supplement or even exceed locally 
sourced deposition, and this is likely the reason 
why Pinus pollen was overall largely predominant 

in our samples. These observations highlight the 
complex interplay between local vegetation, local-
to-long distance pollen transport (Zemmer et  al., 
2024), and flowering phenology in shaping the pol-
len spectrum.

The evaluation of the time-course of pollen depo-
sition amount in TF provided additional insight into 
the genus-specific flowering phenological phases and 
proved to be a useful reference to interpret the con-
current TF chemical composition patterns.

Fig. 6   Throughfall com-
pound fluxes measured 
in the period April–June 
2018 (i.e., weeks 14–26) in 
Fagus (n = 27 TF samples), 
Quercus (n = 25 TF sam-
ples), Picea (n = 65 TF sam-
ples), and Pinus (n = 36 TF 
samples) stands. In the box-
plots, the box represents the 
interquartile range (IQR; 
25th to 75th percentiles), 
the inner line indicates 
the median, the whisk-
ers delimit the minimum 
and maximum non-outlier 
values (i.e., 1.5 × IQR), and 
individual dots represent 
outliers. Different letters 
are reported for ions that 
displayed significant differ-
ences (p < 0.05) between 
the tree genera
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All the statistically significant relationships 
between the amounts of pollen grains deposited in 
TF and the compound fluxes were positive, suggest-
ing that increased pollen content in TF corresponds 
to TF nutrient enrichment, with different proportions 
of explained variance. For instance, while Pinus pol-
len was significantly associated with several com-
pounds (10 out of 13), the variance explained by the 
pollen itself ranged between 11.5% (for NH4

+) and 
50% (for TDN), indicating that pollen deposition can 
explain a variable portion of the variance in TF chem-
istry. These results underline that the overall role of 
pollen in nutrient flux variations can be relevant but 
that other factors, such as canopy structure, atmos-
pheric dry deposition, or local meteorological condi-
tions, should be considered in the models. The pollen 
amounts of all the four tree genera considered (Fagus, 
Quercus, Picea, Pinus) deposited in the TF samples 
were linked with the amount of K+. Since K+ is one 

of the predominant ions contained in pollen grains 
(Cerceau-Larrival et  al., 1991; Kostić et  al., 2015; 
Valverde et al., 2023), it is plausible that pollen, both 
washed away from flowers/crowns by precipitation or 
dry deposited, is a direct source of this ion in the TF 
during the main pollen season, as suggested earlier by 
Lindberg et al. (1986).

Although calcium is also one of the main con-
stituents of pollen, its flux in TF showed limited or 
no link with pollen amount of the four tree genera, 
suggesting it could have been mostly in insoluble 
form or consumed, e.g., in the germination process, 
wherein it is a critical factor (Steinhorst et al., 2013). 
Broadleaved pollen (Fagus + Quercus) significantly 
explained NPOC, DON, TDN, NH₄+, and Mg2+ 
fluxes, while pollen from conifers (Pinus + Picea) 
was significantly linked with all the compounds, 
except PO4

3−. These patterns may reflect differ-
ences in pollen chemistry among taxonomic groups 

Fig. 6   (continued)
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(Kenđel & Zimmermann, 2020) or environmental 
interactions during deposition processes (Rösel et al., 
2012). Fagus + Quercus pollen and Quercus pol-
len alone showed a weak negative link with NO3

−. 
Similarly, a negative correlation was observed by 
Verstraeten et  al. (2023) between NO3

− in TF and 
airborne pollen concentrations from 6 to 29  year-
long time series for 22 Fagus stands across Europe. 
In our study, when considering the sum of all pol-
len taxa (including conifers) collected in the Fagus 
and Quercus stands, such a link was not present, 

suggesting that NO3
− reduction could take place 

predominantly in the presence of pollen of broad-
leaves. However, interpreting this negative relation-
ship requires a cautious approach, as several non-
mutually exclusive pathways could explain it. In vitro 
experiments have demonstrated that pollen and its 
associated microbiota can transform extracellular 
NO3

−​ into NO2
−​ and N2​O (Limić et al., 2025). This 

effect was particularly pronounced in broadleaved 
species such as Fagus sylvatica and Quercus robur, 
while it was significantly weaker or absent in conifer-
ous species such as Pinus sylvestris and Picea abies. 
While these laboratory results provide a potential 
biological mechanism for the observed field pat-
terns, the complexity of the forest canopy environ-
ment makes it difficult to confirm that these same 
processes occur in real field conditions. The negative 
link observed between broadleaved pollen deposition 
and NO3

− fluxes could also reflect lower atmospheric 
deposition during the specific period of Fagus and 
Quercus flowering, but to verify this mechanism, 
high-resolution data on atmospheric NOx concentra-
tions would be needed. Finally, NO3

− can be removed 
by tree canopies since they act as extremely efficient 
sinks for nitrogen interception and uptake (Klopatek 
et al., 2006; Guerrieri et al., 2024). This single-year 
field study cannot resolve the mechanisms men-
tioned; future research, utilizing e.g., stable isotope 
tracing or controlled field exclusion experiments, is 
necessary to identify the precise pathways of nitrate 
modulation during the pollen season.

Pollen was related to DOC flux as well as to its 
quality, which distinctly differed between the tree 
genera. Higher SUVA254 values indicate more aro-
matic, humic-like substances, which are generally 
more stable and less biodegradable. These were high-
est in Picea stands, in which needles in general tend 
to release more aromatic and humified compounds 
such as lignin derivatives and tannins, compared to 
Pinus. Fagus typically contributes more labile, ali-
phatic DOC, which is less aromatic and more bio-
degradable, as found in this study in comparison to 
Quercus, whose leaves — like those of Picea — are 
rich in polyphenols and tannins. The higher values of 
humification index in Quercus stands in comparison 
to Picea, Pinus and Fagus, reflect a higher level of 
decomposition and transformation of organic mat-
ter into humic substances. Although DOC in TF, as 
well as potassium, is considered to derive almost 

Fig. 7   Dissolved organic carbon characteristics: a Specific 
UV Absorbance at 254 nm (SUVA254); b Humification Index 
(HIX); c Fluorescence Index (FI) for the four tree genera. 
Boxes show the distribution of data around the median (black 
line) for each genus. Letter symbols stand for significantly dif-
ferent groups
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exclusively from vegetative sources (McDowell et al., 
2020), the high values of fluorescence index (FI) for 
Fagus and Quercus suggest that, in these two stands, 
microbes may have played a relevant role in process-
ing DOC. The lower FI values for the two conifers 
indicate a mix of plant and microbial origin for DOC.

In synthesis, the results of this study support our 
initial hypothesis that variations in throughfall chem-
istry in European temperate and boreal forests during 
the initial vegetative — and thus flowering — season 
are linked to pollen abundance. This is taxon-specific 
and particularly marked for some nutrients, e.g., 
potassium, total dissolved nitrogen and ammonia. Our 
findings suggest that including pollen deposition met-
rics in long-term forest monitoring could provide a 
more comprehensive picture of nutrient cycling, par-
ticularly in light of ongoing climate-driven changes 
in flowering phenology that are leading to an overall 
earlier onset of the pollen season and an increase in 
airborne pollen amounts of arboreal taxa (Bruffaerts 
et  al., 2018; Cristofolini et  al., 2024; Montiel et  al., 
2025).

Reproductive phenology, particularly masting 
behaviour in species such as Fagus and Quercus 
(Nussbaumer et al., 2016), introduces strong interan-
nual variability in pollen inputs. In addition to inter-
annual variability in pollen production within a single 
species, which may also be linked to the meteorologi-
cal conditions (Nielsen et al., 2010), an interspecific 
variability in pollen influx must also be considered. 
Species-specific differences in pollen production, 
dispersal, and deposition shape this variation (Poska 
& Pidek, 2010). The morphology of pollen grains, 
specifically size and shape, affects their aerodynamic 
properties, with larger and heavier grains tending to 
settle closer to their source due to gravitational forces 
(Hofmann et al., 2014). Moreover, variations in pol-
len abundance among species may be explained by a 
trade-off between pollen grain size and amount pro-
duced (Vonhof & Harder, 1995), which likely reflects 
a resource allocation strategy.

The analysis of the TF chemical composition and 
pollen deposited in the same samples probably pro-
vides the most accurate information to verify the link 
between pollen amount and nutrient cycling, but it is 
quite a laborious method. One potential alternative 
approach could be the deployment of aerobiological 
samplers, either passive or active, adequately posi-
tioned beneath the forest canopy (as well as in open 

field) to simultaneously collect aerobiological sam-
ples to obtain data on pollen deposition rates along-
side — but independently from — chemical deposi-
tion measurements.

This study is subject to certain limitations, nota-
bly the restricted one-year time span. Future research, 
based on multi-year observations, could include data 
on canopy architecture (Pypker et  al., 2011), age of 
stand (Klopatek et  al., 2006), phenology (Staelens 
et al., 2011), and insect infestations that alter canopy 
nutrient dynamics (Michalzik, 2011; Pitman et  al., 
2010), which may affect the strength of causal infer-
ence, to further disentangle the direct influence of 
pollen from other variables.

Conclusions

By quantifying pollen deposition directly within the 
same TF samples analysed for chemistry, this study pro-
vides evidence that pollen is a measurable and taxon-
specific contributor to nutrient fluxes. While positive 
links with ions like K⁺ underscore its role as a nutrient 
source, these findings from a single-year correlative 
study should be viewed as a baseline. The contribution 
of pollen to TF chemistry calls for a reconceptualization 
of its role in forest ecosystems; however, a full mecha-
nistic understanding and an assessment of long-term 
dynamics will require further multi-year research to 
account for interannual variability such as masting and 
climate- and N deposition-driven fluctuations.

As climate change impacts reproductive phenol-
ogy, incorporating pollen surveys into forest observa-
tion networks will be important for accurately assess-
ing nutrient budgets and ecosystem responses.
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