
In Vitro Nitrogen Transformations by Pollen From
Temperate Tree Species
Arne Verstraeten  (  arne.verstraeten@inbo.be )

Research Institute for Nature and Forest: Instituut voor Natuur- en Bosonderzoek
https://orcid.org/0000-0002-8813-1261

Elena Gottardini 
Edmund Mach Foundation: Fondazione Edmund Mach Istituto Agrario di San Michele all'Adige

Nicolas Bruffaerts 
Mycology & Aerobiology, Sciensano, Brussels

Johan Neirynck 
Research Institute for Nature and Forest: Instituut voor Natuur- en Bosonderzoek

Gerrit Genouw 
Research Institute for Nature and Forest: Instituut voor Natuur- en Bosonderzoek

Research Article

Keywords: Throughfall, Trees, Pollen, Ammonium, Nitrate, Nitrite

Posted Date: July 21st, 2021

DOI: https://doi.org/10.21203/rs.3.rs-733051/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-733051/v1
mailto:arne.verstraeten@inbo.be
https://orcid.org/0000-0002-8813-1261
https://doi.org/10.21203/rs.3.rs-733051/v1
https://creativecommons.org/licenses/by/4.0/


1 

 

In vitro nitrogen transformations by pollen from temperate tree species 1 

 2 

Arne Verstraeten1, Elena Gottardini2, Nicolas Bruffaerts3, Johan Neirynck1, Gerrit Genouw1 3 

1Research Institute for Nature and Forest (INBO), Geraardsbergen, Belgium 4 

2Centro Ricerca e Innovazione, Fondazione Edmund Mach, San Michele all'Adige, Italy 5 

3Mycology & Aerobiology, Sciensano, Brussels, Belgium 6 

 7 

Corresponding author: Arne Verstraeten, ORCID: 0000-0002-8813-1261, tel: +32 479 99 01 52, 8 

arne.verstraeten@inbo.be 9 

 10 

Acknowledgements 11 

The authors would like to thank Arthur De Haeck, Yvan De Bodt, Luc De Geest, Athanaska Verhelst, 12 

Liesbeth Papeleu and Ann Capieau from the Research Institute for Nature and Forest (INBO) for their 13 

assistance during field work and laboratory analysis. 14 

  15 

mailto:arne.verstraeten@inbo.be


2 

 

 16 

Abstract 17 

The effects of pollen on dissolved inorganic nitrogen (DIN) compounds in throughfall water are not 18 

completely understood. We conducted a 7-day leaching experiment with pollen from silver birch 19 

(including a sterilized control), European beech, sessile oak, Scots pine, Corsican black pine and 20 

Norway spruce using an immersion medium containing nitrate (11.295 mg N l-1). Within 2 hours, 21 

pollen released substantial amounts of potassium (K+), phosphate (PO3
-) and organic compounds. 22 

Solute concentrations of ammonium (NH4
+) were built up over time. In treatments with pollen from 23 

birch, oak and beech, nitrate (NO3
-) concentrations started to decrease after 24–48 hours, while 24 

simultaneously nitrite (NO2
-) emerged, but part of the inorganic nitrogen could no longer be detected 25 

in solution. For birch, sterilisation of the pollen made no difference, indicating that microorganisms on 26 

the pollen played no substantial role in the observed N transformations. Conditions in the samples 27 

were oxic (1.82–6.12 mg O2 l-1), rendering microbial denitrification unlikely. Our findings revealed 28 

that pollen from broadleaved deciduous trees can transform throughfall NO3
- into NO2

- and likely also 29 

nitric oxide (NO), probably through the nitrate reductase pathway. The synthesis of NH4
+ might be 30 

part of a natural defence mechanism protecting reproductive organs against pathogens during 31 

pollination. 32 

 33 
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After passage through the forest canopy, the chemical composition of precipitation is altered through 43 

multiple processes collectively referred to as canopy exchange (Mayer & Ulrich 1977; Lindberg et al. 44 

1986). Evaporation, washing out of intercepted atmospheric gases, particles and aerosols on the 45 

surface of leaves and bark and leaching of metabolites from leaves, epiphytes and phytophagous 46 

insects increase throughfall element concentrations and fluxes (Mayer & Ulrich 1977; Thimonier et al. 47 

2008; Pitman et al. 2010; Van Stan and Pypker 2015). Canopy exchange processes involving nitrogen 48 

(N) include the uptake of dry deposited ammonia (NH3) and oxidized N (nitric acid plus particle 49 

nitrate) and biochemical/microbiological transformations, often resulting in a net retention of N by the 50 

canopy (Carlisle et al. 1966; Sievering et al. 1994; Adriaenssens et al. 2012; Guerrieri et al. 2015; 51 

Karlsson et al. 2019). The current understanding of many processes is still limited, hence complicating 52 

the assessment of total N deposition to forests, which could be a factor 1–2 higher than throughfall 53 

deposition (Staelens et al. 2008; Clarke et al. 2016). In temperate forests, throughfall deposition 54 

follows a seasonal pattern with elevated fluxes during the growing season and distinct peaks in spring 55 

and fall, which are more pronounced in broadleaved deciduous forests (Lindberg et al. 1986; 56 

Verstraeten et al. 2012). During the spring, precipitation typically interacts also with flowers and 57 

pollen, especially from anemophilous plants, which generally produce the largest pollen amounts. In 58 

Europe, throughfall is monitored with open funnel systems (bulk collectors) as a part of the 59 

International Co-operative Programme on Assessment and Monitoring of Air Pollution Effects on 60 

Forests (ICP Forests). Due to their relatively small size (generally between 10 and 100 µm), pollen 61 

grains pass through the mesh filters (0.25–1 mm2), which aim to prevent larger particles such as litter 62 

and insects from entering the throughfall samplers (Carlisle et al. 1966). When pollen is rehydrated 63 

within the throughfall, a mixture of organic substances including lipids and functional proteins is 64 

released from the pollen coat (Rejón et al. 2016). Organic carbon and nitrogen, potassium, 65 

phosphorus, sulphur and calcium are the prevailing elements that dissolve from the pollen tissues 66 

(Doskey and Ugoagwu 1989; Draaijers et al. 1996; Rösel et al. 2012). That is why several authors 67 

suggested that pollen might be an overlooked contributor to throughfall fluxes for these elements, 68 

although it is difficult to distinguish the specific effects of pollen from other factors affecting 69 
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throughfall biochemistry (Ferm 1997; Carlisle et al. 1966; Le Mellec et al. 2010; Verstraeten et al. 70 

2016). 71 

Regarding the impacts of pollen on inorganic N compounds in throughfall, clues might be given by 72 

laboratory experiments, designed to study pollination associated biochemistry. The decomposition of 73 

pollen by microorganisms might lead to higher N concentrations in solution, as observed after the 74 

immersion of Pinus sylvestris pollen in lake waters (Rösel et al. 2012). Furthermore, rehydrating 75 

pollen from various angiosperm and gymnosperm plant species was observed to produce intracellular 76 

gaseous nitric oxide (NO), which can migrate into the extracellular matrix where it could interact with 77 

surrounding cells (McInnis et al. 2006; Bright et al. 2009; Wilson et al. 2009; Pasqualini et al. 2015; 78 

Jiménez-Quesada et al. 2017). Nitric oxide is a reactive oxygen species common in plant tissues and a 79 

key signalling molecule in an array of plant physiological processes (Niu et al. 2019). In plant sexual 80 

reproduction, NO plays a role in pollen germination as it acts as a negative chemotropic agent of 81 

pollen tube growth and orientation towards the ovule (Prado et al. 2004; Wang et al. 2009; Wilson et 82 

al. 2009; Šírová et al. 2011; Domingos et al. 2015). The source of NO in plants is however still matter 83 

of debate and multiple oxidative or reductive pathways might coexist (Domingos et al. 2015; Niu et al. 84 

2019; León and Costa‐Broseta 2020). The enzymatic transformation of nitrate (NO3
-) by nitrate 85 

reductase oxidases through a two-step reaction with nitrite (NO2
-) as an intermediate product likely is 86 

the prevailing mechanism active in plant tissues under oxic conditions. The observed accumulation of 87 

NO2
- in the extracellular medium around rehydrating pollen, which produced NO, points in this 88 

direction but it is not clear whether NO2
- accumulation is a function of pollen NO oxidation or a NO 89 

independent phenomenon (Bright et al. 2009). A possible alternative are NO synthases (NOS), which 90 

convert L-arginine into L-citrulline and NO, independently of NO3
- and NO2

-, but evidence for the 91 

existence of this mechanism in land plants is lacking so far (Jeandroz et al. 2016; León and Costa‐92 

Broseta 2020). Nitrite can also be reduced to NO through the mitochondrial electron transport chain 93 

(mETC), but this process is sensitive to the inhibition by O2 and therefore likely only functions under 94 

anaerobic/hypoxic conditions (León and Costa‐Broseta 2020). 95 
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We conducted an in vitro experiment with the aim to investigate the NO3
- reduction capacity of pollen, 96 

collected from three coniferous and three broadleaved deciduous tree species commonly occurring in 97 

European temperate forests. Bud scales and flower stalks of beech were also investigated and a 98 

sterilized control was included to examine the possible role of pollen borne microorganisms. Element 99 

concentrations and dissolved oxygen (O2) concentrations were monitored for up to seven days, 100 

mimicking the relatively long residence time of throughfall samples in the field. The following 101 

hypotheses were tested: 1) tree pollen is an important source of nutrients in throughfall, 2) rehydrating 102 

pollen is able to transform extracellular NO3
-. 103 

 104 

Materials and Methods 105 

 106 

Collection of pollen, bud scales and flower stalks 107 

Low-hanging branches of sessile oak (Quercus robur L.), European beech (Fagus sylvatica L.), Scots 108 

pine (Pinus sylvestris L.) and Corsican black pine (P. nigra ssp. laricio var. Corsicana Loud.) with 109 

immature flowers/catkins were collected from tree rows and forest edges in Flanders, Belgium on 15–110 

19 April 2018. In the laboratory, branches were sorted per tree species, put in containers with water 111 

and arranged in separate greenhouse chambers. The branches were incubated for three weeks until the 112 

flowers/catkins opened and most pollen were shed and gathered on sheets of paper placed beneath the 113 

containers. Pollen was then collected with a clean brush and transferred into sterile polypropylene 114 

tubes. Tubes with archived dehydrated pollen from silver birch (Betula pendula L.) collected in 115 

Flanders, Belgium (Belgian aerobiological network) and Norway spruce (Picea abies L.) from 116 

Trentino, Italy (Fondazione Edmund Mach) were delivered by mail. Bud scales and flower stalks of 117 

beech were selected from material collected in June 2018 during the regular litterfall survey in a forest 118 

monitoring (Level II) plot of the ICP Forests in Sonian forest (Flanders, Belgium) following the 119 

protocol published in the ICP Forests Manual Part XIII (Ukonmaanaho et al. 2016). All tubes were 120 

collectively stored in darkness at 4 °C until the start of the experiment. 121 

 122 

Leaching experiment 123 
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The 7-day leaching experiment was initiated on 5 August 2019. For the treatments, 50 ± 0.52 mg dry 124 

pollen i.e. roughly 1–10×106 pollen grains (6 tree species), bud scales or flower stalks (beech) were 125 

added to sterile 500 ml borosilicate glass conical flasks. For silver birch, an additional treatment was 126 

prepared; the pollen was first put in a 1.5 ml tube and sterilized with liquid nitrogen gas (N2), in order 127 

to exclude any interference from pollen borne microorganisms. The preparation of a sterilized control 128 

was not possible for the other tree species, because the available amount of pollen was too limited. For 129 

each of the nine treatments, three replicates were prepared (n = 27 samples). After weighing the 130 

organic material, 200 ml of stock solution consisting of sodium nitrate (NaNO3) dissolved in MilliQ 131 

water (11.295 mg N l-1) was added to each flask, without further stirring or shaking. The flasks were 132 

sealed immediately with Parafilm to avoid airborne contamination. During the experiment, all flasks 133 

were stored together at a central location in the laboratory at ambient room conditions (around 21 °C, 134 

not sheltered from daylight and artificial light). Subsamples (15 ml) of the solutions were taken with a 135 

pipette 2, 24, 48, 72, 96 and 168 hours after the start of the experiment, while avoiding to shake the 136 

flasks and to draw in pollen. It was noticed that the pollen from deciduous trees was sedimented and 137 

the pollen from coniferous trees floated on the solution surface (Fig. S1). Just before collecting the 138 

subsamples, the concentrations of dissolved O2 in the solutions were measured with a WTW FDO 925 139 

Dissolved Oxygen Sensor. Upon collection, the subsamples were filtered using syringe filters with a 140 

pore size of 0.45 µm and a diameter of 25 mm (Chromafil PET Xtra-45/25) and stored in borosilicate 141 

glass tubes in darkness at 4 °C until the start of chemical analysis. 142 

 143 

Chemical analysis 144 

All subsamples were analysed jointly in a single run during the week following the experiment. The 145 

concentrations of NO2
-, NO3

-, sulphate (SO4
2-), phosphate (PO4

3-), chloride (Cl-), ammonium (NH4
+), 146 

calcium (Ca2+), potassium (K+), magnesium (Mg2+) and sodium (Na+) were determined with ion 147 

chromatography (Dionex ICS-3000, limit of quantification LOQ = 0.05 mg l-1 for NO2
-, K+ and Mg2+ 148 

and 0.1 mg l-1 for all other ions). The concentrations of dissolved organic carbon (DOC) and total 149 

nitrogen (TN) were determined with a C/N analyser (Skalar FormacsHT, LOQ = 0.5 mg l-1 for TN and 150 

1 mg l-1 for DOC). 151 
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 152 

Calculations 153 

If the measured concentration of an element was lower than the LOQ, its concentration was equated to 154 

50% of the LOQ for calculations and representation in graphs. The concentrations of dissolved organic 155 

nitrogen (DON) were calculated as the difference between the measured TN concentrations and the 156 

sum of the measured concentrations of three dissolved inorganic nitrogen (DIN) forms according to 157 

formula (1): 158 

 159 𝐷𝑂𝑁 =  𝑇𝑁 – (𝑁𝐻4+_𝑁 +  𝑁𝑂2−_𝑁 +  𝑁𝑂3−_𝑁) (1) 160 

 161 

The biomass (in mg) dissolved from pollen, bud scales and flower stalks was calculated based on the 162 

sum 𝐶𝑖 of the concentrations of all elements 𝑥 in solution, correcting for the amount of added Na+ and 163 

NO3
- and the progressive reduction of sample volume through the collection of subsamples using 164 

formulas (2) and (3): 165 

 166 𝐶𝑖 = ∑ 𝐶𝑗𝑥𝑗=1   (2) 167 

 168 𝐷𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 = 𝐶1𝑉1 + ∑ 𝐼𝐹((𝐶𝑖 − 𝐶𝑖−1) < 0; 0; (𝐶𝑖 − 𝐶𝑖−1)(𝑉1 − (𝑖 − 1)∆𝑉))6𝑖=2  (3) 169 

 170 

with 𝑖 the subsample number (𝑖 = 1–6), 𝑉1 the initial sample volume (200 ml), ∆𝑉 the volume of a 171 

single subsample (15 ml) and 𝐼𝐹 a logical function returning zero when solute concentrations 172 

decreased between two subsequent subsamples, assuming that no elements dissolved in that case. 173 

Values were ultimately converted into percentages of the amount of added organic matter. 174 

 175 

Data analysis 176 

The drawing of figures and statistical testing were carried out using the R software version 4.0.2 (R 177 

Core Team 2020). Treatments were compared using the non-parametric Kruskalmc test (Multiple 178 
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comparison test after Kruskal-Wallis) included in the ‘pgirmess’ package (Giraudoux 2018). Changes 179 

in the concentrations of nitrogen forms were tested with a linear model in function of time (hours) 180 

elapsed since the start of the experiment using the lm() function included in the ‘stats’ package (R 181 

Core Team 2020). 182 

 183 

Results 184 

In all treatments with pollen from broadleaved deciduous trees, NO3
- concentrations in the immersion 185 

medium significantly decreased (-0.050–-0.076 mg N l-1 h-1) throughout the 7-day experiment (Fig. 1, 186 

Table S1 and S2). Simultaneously, NO2
- and NH4

+ appeared in solution, with concentrations gradually 187 

increasing over time (NO2
- 0.011–0.052 mg N l-1 h-1, but not significantly for beech; NH4

+ 0.007–188 

0.027 mg N l-1 h-1). In contrast, the concentrations of DIN decreased over time (-0.014–-0.045 mg N l-1 189 

h-1, but not significantly for silver birch) and 12.88–64.63% of the N initially added to the immersion 190 

medium could no longer be detected at the end of the experiment (after 168 hours). In the treatments 191 

with pollen from coniferous trees, NO3
- concentrations were stable (spruce) or only slightly decreased 192 

(-0.004–-0.007 mg N l-1 h-1) over the course of the experiment and only small amounts of NO2
- were 193 

formed (no significant change except 0.004 mg N l-1 h-1 for Scots pine). The concentrations of NH4
+, 194 

however, also increased in the treatments with pollen from coniferous trees (0.005–0.014 mg N l-1 h-1). 195 

This resulted in a significant net increase in DIN concentrations at the end of the experiment with 196 

8.88% for Scots pine and 21.83% for Norway spruce (0.003–0.013 mg N l-1 h-1, but not significantly 197 

for Corsican black pine). After seven days, 75.26–98.27% of the added NO3
- was transformed in the 198 

treatments with pollen from broadleaved deciduous trees, but only 0.34–7.45% in the treatments with 199 

pollen from coniferous trees (Table S3). For flower stalks and bud scales of beech, no significant 200 

changes in the concentrations of inorganic N compounds were observed and concentrations of NO2
- 201 

and NH4
+ stayed below the LOQ during the experiment. 202 

Pollen released predominantly organic compounds in the immersion medium. Mean concentrations 203 

over the course of the experiment were 11.72–30.67 mg DOC l-1 and 1.26–3.75 mg DON l-1 for pollen 204 

from broadleaved deciduous trees and 9.54–17.16 mg DOC l-1 and 1.61–4.13 mg DON l-1 for pollen 205 
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from coniferous trees (Fig. 1, Fig. 2, Table S1). Among the inorganic ions, potassium (K+) was found 206 

to be the dominating base cation by far with 0.048–0.054 meq l-1 for pollen from broadleaved 207 

deciduous trees and 0.038–0.109 meq l-1 for pollen from coniferous trees, followed by PO4
3- (0.016–208 

0.047 meq l-1 for pollen from deciduous trees; 0.005–0.038 meq L-1 for pollen from coniferous trees), 209 

Na+ (0.005–0.019 meq l-1 for pollen from deciduous trees; 0.012–0.032 meq l-1 for pollen from 210 

coniferous trees) and SO4
2- (0.003–0.011 meq l-1 for pollen from deciduous trees; 0.004–0.018 meq l-1 211 

for pollen from coniferous trees) (Fig. 3a,b; Table S1). The concentrations of Cl-, Ca2+ and Mg2+ were 212 

below the LOQ or slightly higher, indicating that the amounts leached from pollen were small. Bud 213 

scales and flower stalks of beech released some DON (0.87–1.17 mg l-1) (Fig. 1), K+ (0.021–0.039 214 

meq l-1) and Na+ (0.009–0.020 meq l-1) (Fig. 3a), while the concentrations were below the LOQ for all 215 

other elements. 216 

At the end of the experiment (i.e. after 7 days), 11.73–23.62% (mean 17.94%) of pollen biomass had 217 

dissolved, from which 55–75% within the first two hours (Fig. S2). There was considerable variation 218 

among individual tree species, but no systematic differences between coniferous and broadleaved 219 

deciduous trees in the fraction of dissolved biomass. For K+ and PO4
3-, the highest concentrations were 220 

recorded already after two hours. The fraction of dissolved biomass was much lower for flower stalks 221 

(1.92%) and bud scales of beech (1.86%), and this was explained mainly by the difference in DOC. 222 

Dissolved O2 concentrations were 1.82–6.16 mg l-1 (Fig. S3), indicating that oxic conditions (> 1.0 mg 223 

l-1) prevailed in all samples during the experiment (Gerardi, 2002). In the treatments with pollen, a 224 

transient decline in the dissolved O2 concentrations was observed on days 2–4, while they were more 225 

stable in the treatments with flower stalks and bud scales of beech. 226 

For pollen from silver birch, the sterilisation treatment had no significant influence on the dissolved 227 

element concentrations (Table S1). 228 

 229 

Discussion 230 

 231 
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Elements dissolved from pollen 232 

The water-soluble fraction of pollen is approximately 40% of total pollen biomass, as determined with 233 

a soft extraction technique during 49 days (Greenfield 1999). In our experiment, slightly less than half 234 

of this fraction was mobilised after immersion in ultrapure water with a high NO3
- concentration for 235 

seven days. Similar dissolved fractions were observed after immersion of Scots pine pollen in natural 236 

lake waters for 16 days (Rösel et al. 2012). The amounts of elements dissolved from pollen during the 237 

experiment indicate that tree pollen should be considered as an important source of DOC, DON, K+, 238 

PO4
3-, Na+ and SO4

2- in throughfall, confirming our first hypothesis that tree pollen is an important 239 

source of nutrients in throughfall. These results are in line with previous findings derived from 240 

throughfall data, except for Na+ (Carlisle et al. 1966; Draaijers et al. 1996; Le Mellec et al. 2010; 241 

Verstraeten et al. 2016). Sodium in throughfall originates mainly from sea spray, which makes it 242 

difficult to distinguish an input from pollen in throughfall data (Thimonier et al. 2008). Considering 243 

the observed predominant leaching of cations, pollen likely also increases the concentrations of 244 

bicarbonates (HCO3
-) as these are important for safeguarding the electro-neutrality of a solution 245 

(Kopáček et al. 2000). 246 

Pollen is washed efficiently from the air by rainfall and enters throughfall collectors after passing 247 

through the mesh filters (Draaijers et al. 1996; Lawson and Rands 2019). Upon rehydration, pollen 248 

immediately becomes biochemically active, as also shown by our observation that most elements 249 

dissolved within a time span of two hours (Wilson et al. 2009; Domingos et al. 2015). The latter 250 

implies that nutrient inputs from pollen in throughfall could not be completely kept out by solely 251 

increasing the sampling frequency. Additional deployment of wet-only samplers could only correct 252 

partially this, because only dry deposition of pollen is excluded. On the other hand, additional 253 

simultaneous monitoring of local airborne pollen concentrations at ground level or pollen deposition 254 

spectra and fluxes, along with pollen emission and dispersion modelling results (e.g. Sofiev et al. 255 

2013; Verstraeten et al. 2019) may allow a better estimate of the impact of pollen on throughfall 256 

deposition. 257 
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The ten times higher amount of elements per unit of biomass dissolved from pollen compared to bud 258 

scales and flower stalks suggests that the latter contribute only little to throughfall fluxes. The annual 259 

flux of bud scales/flowers amounts, however, to 400–500 kg ha-1 a-1 (Table S4). This is more 260 

substantial than the pollen deposition flux in forested areas, which rarely exceeds a few dozens of kg 261 

ha-1 a-1 (Doskey and Ugoagwu 1989; Cho et al. 2003; Lee and Booth 2003). Accordingly, bud scales 262 

and flowers should also be considered as a source of elements in throughfall during spring, particularly 263 

for K+, Na+ and DON. 264 

 265 

Pollen induced nitrate reduction in deposition collectors beneath broadleaved trees 266 

Pollen itself has an N content of only 1–8% including small amounts of water-extractable NO3
-, and 267 

NO3
- is also not among the main constituents of stigma exudates (Doskey and Ugoagwu 1989; 268 

Webster et al. 2008; Rejón et al. 2014). But after landing on the pistil or inside deposition collectors, 269 

pollen may interact with throughfall water, in which NO3
- is ubiquitous in variable concentrations 270 

(Waldner et al. 2014). Our experiment showed that pollen from three broadleaved deciduous tree 271 

species is able to transform extracellular NO3
- in vitro, hence confirming our second hypothesis. The 272 

applied amounts of pollen and NO3
- are equivalent with a pollen deposition flux of 3.5 kg ha-1 and a 273 

throughfall deposition flux of 1.5 kg N l-1 for the standard equipment used in throughfall monitoring in 274 

ICP Forests Level II plots in Flanders, Belgium (10 bulk samplers; funnel diameter 14 cm; plot size 275 

0.25 ha). Pollen transformed 75.26–98.27% of the added NO3
- in a time span of seven days, which is 276 

about half the maximum exposure time in the field for sampling on a semi-monthly basis. Considering 277 

that a half-monthly throughfall deposition of 1.5 kg N l-1 is relatively high and observed only in N-278 

polluted areas (Waldner et al. 2014), our data indicate that pollen could transform a large part of the 279 

NO3
- contained in throughfall samples of temperate deciduous woodlands in the period of dispersal. 280 

This might explain the lower NO3
- fluxes that have been measured using bulk samplers compared to 281 

wet-only samplers operated in pair at the same location (Richter and Lindberg 1988). Throughfall is, 282 

however, generally monitored using bulk samplers and it would be useful to check whether this signal 283 

can be detected more generally in throughfall data and can be linked/correlated to the airborne pollen 284 
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spread and deposition timing and intensity. This could assist the validation and interpretation of 285 

deposition data and enable to optimize sampling methodologies. 286 

We observed that a relatively small portion of NO3
- was also transformed in the treatments with pollen 287 

from Corsican black pine and Norway spruce, as compared to broadleaved pollen. This might be 288 

explained by the air sacs or wings with which gymnosperm pollen is equipped as an adaptation for 289 

controlling and maximizing the success of wind pollination (Lu et al. 2011). The wings allowed the 290 

coniferous pollen to float on the medium, in contrast to the broadleaved pollen, which sunk to the 291 

bottom of the containers (Fig. S1). This buoyancy of coniferous pollen might reduce the contact 292 

between the pollen grains and the chemical compounds in the medium, possibly with a lower (or null) 293 

transformation of NO3
- as a result. 294 

Because dissolved O2 concentrations measured in the samples were always above 1.82 mg l-1, and thus 295 

above the threshold of 1.0 mg l-1 for oxic conditions, it is unlikely that the transformation of NO3
- in 296 

the samples was the result of anaerobic denitrification (Gerardi 2002). Also, the transformation of 297 

NO3
- through dissimilatory nitrate reduction to ammonium (DNRA), which according to recent 298 

findings may occur under different oxygenic conditions, seems to be improbable, since this would 299 

have also affected the treatments with pollen from coniferous trees (Wang et al. 2020). The results that 300 

we obtained also did not discriminate sterilized and non-sterilized pollen from silver birch. Several 301 

kinds of evidence thus indicate that pollen borne microorganisms, or originated from the plants, did 302 

not play an essential role in the observed N transformations. The synthesis of large quantities of NO2
- 303 

along with the consumption of NO3
- in the treatments with pollen from broadleaved deciduous trees is 304 

probably the result of the transformation of NO3
- into NO2

- through nitrate reductase activity, which is 305 

a common enzymatic pathway in angiosperm plant tissues (Yamasaki and Sakihama 2000; Rockel et 306 

al. 2002; Domingos et al. 2015). Also the partial disappearance of DIN at the end of the experiment 307 

corroborates this conclusion. Previous experiments demonstrated that pollen from various angiosperm 308 

plants including a number of tree species can both produce NO2
- and NO (Bright et al. 2009). The N 309 

lost in our experiment was thus probably due to volatilisation in the form of gaseous NO. 310 

 311 
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Ammonium synthesis by pollen 312 

Free amino acids and proteins make up about 90% of the water-extractable N compounds in pollen 313 

and an average 7% occurs as NH4
+_N, probably contained in glutamine and asparagine (Greenfield 314 

1999). The concentrations of NH4
+ gradually increased during the experiment, which means that NH4

+ 315 

must have been formed in solution through secondary N transformation. Because NH4
+ was also 316 

formed in the treatments with coniferous pollen wherein NO3
- concentrations remained nearly stable, it 317 

is most likely a by-product originating from the enzymatic degradation of proteins and free amino 318 

acids that dissolved from the pollen (Hildebrandt et al. 2015). The observed decrease in DOC and 319 

DON concentrations towards the end of the experiment could support this speculation. 320 

Besides being a plant nutrient, NH4
+ is known to play a role in plant defence and immunity (Marino 321 

and Moran 2019). It is possible that NH4
+ has an additional function in plant reproduction. For 322 

instance, high levels of NH4
+ found in the nectar of Lathraea clandestina may act as a repellent against 323 

nectar thieves such as ants and birds (Prŷs-Jones and Willmer 1992). Stigmatic exudates and 324 

pollination drops contain a variety of defence-related proteins (O’Leary et al. 2007; Rejón et al. 2014). 325 

Whether NH4
+ is also involved in the protection of reproductive organs during pollination should be 326 

further investigated. 327 

 328 

Conclusion 329 

Our experiment showed that pollen from broadleaved deciduous trees is able to enzymatically 330 

transform extracellular NO3
- into NO2

- and likely also NO in vitro, which may affect throughfall 331 

samples, routinely collected in the forest monitoring programme of ICP Forests. In the spring, pollen 332 

is an important contributor of throughfall K+, PO4
3-, Na+, SO4

2- and DOC. The chemical composition 333 

of throughfall samples results not only from atmospheric deposition and passive leaching processes, 334 

but also from enzymatically driven transformations during periods of pollen dispersal. 335 
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Figures 581 

 582 

 583 

Fig. 1 Concentrations of dissolved organic nitrogen (DON), ammonium nitrogen (NH4
+_N), nitrite 584 

nitrogen (NO2
-_N), nitrate nitrogen (NO3

-_N) and dissolved inorganic nitrogen (DIN) during the 585 

experiment (mg N l-1). Coloured lines show significant changes over time based on linear regression 586 

(coefficients and p-values are listed in Table S2). Dotted black lines indicate the amount of added 587 

NO3
-_N (11.295 mg N l-1). Solid black lines represent the LOQs for measured N forms (0.015 mg N l-1 588 

for NO2
-_N; 0.023 mg N l-1 for NO3

-_N; 0.078 mg N l-1 for NH4
+_N). 589 
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 591 

Fig. 2 Concentrations of dissolved organic carbon (DOC) during the experiment (mg l-1). A smoother 592 

was added to the observations to aid visual interpretation. Solid black lines represent the LOQ (1 mg C 593 

l-1). 594 

  595 



25 

 

 596 

Fig. 3 Concentrations of cations (a) and anions (b) excluding N compounds and added Na+ during the 597 

experiment (meq l-1). A smoother was added to the observations to aid visual interpretation. Solid 598 

black lines represent the LOQs (0.0012 meq l-1 for Ca2+, 0.0013 meq l-1 for K+, 0.0010 meq l-1 for 599 

Mg2+, 0.0043 meq l-1 for Na+, 0.0004 meq l-1 for PO4
3-, 0.0005 meq l-1 for SO4

2-, 0.0028 meq l-1 for Cl-600 

). 601 
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