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1. Introduction 
Atmospheric deposition of reactive nitrogen (N) has evoked 
multiple effects on ecosystem health and function throughout 
the world. While increased N availability can stimulate plant 
growth in N limited ecosystems (Högberg et al., 2006; De 
Vries et al., 2009; Thomas et al., 2010; De Vries and 
Butterbach-Bahl, 2014), excess N inputs can lead to detri­
mental effects including soil acidification, nutrient imbal­
ances, and biodiversity loss (Vitousek et al., 1997; Erisman 
and DeVries, 2000; Bobbink et al., 2010; Greaver et al., 2012; 
Du et al., 2016; Simkin et al., 2016). The amount of anthro­
pogenic N input to the environment has doubled over the last 
century (Fowler, et al., 2013) and this has led to large changes 
in the global N cycle (Galloway et al., 2003). 

Previous studies have assessed global monitoring net­
works of both wet and dry N deposition (Dentener et al., 
2006, 2014; Vet et al., 2014; Weathers et al., 2011; 
Whelpdale et al., 1997). Most of the measurements 
considered in these studies were from large, coordinated 
monitoring networks typically measuring integrated sam­
ples of bulk deposition (continuously exposed precipitation 
samplers), precipitation-only samples (only exposed during 
precipitation events), and atmospheric concentrations 
coupled with inferential modeling techniques for dry 
deposition estimation. These monitoring results were then 
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used to calibrate or validate atmospheric chemistry trans­
port model estimates of regional deposition on global and 
regional scales. Modeled results including two 3-year 
averaging periods of measurement-based total deposition 
estimates (i.e., wet plus inferential dry deposition) for North 
America, Africa and Australia, indicate that hotspots of N 
deposition (i.e., 20–40 kg N ha–1yr– 1) occur in eastern 
China and India, followed by moderate levels (i.e., 
10–20 kg N ha–1yr– 1) in eastern North America, and 
Europe (Vet et al., 2014; Schwede et al., 2018). 

Most of the monitoring sites considered in previous 
global assessments are designed to be “open-field” (i.e., 
where fetch is unobstructed by trees, other tall vegetation, 
or buildings) and in rural and remote areas, being assumed 
to represent regional N deposition. However, these types of 
measurement locations are of limited value in evaluating N 
deposition to forests, where pathways of dry deposition are 
significantly influenced by turbulence-generating surface 
roughness and canopy-level exchange mechanisms (Fle­
chard et al., 2011; Zhang et al., 2004, 2009; Adon et al., 
2013; Schwede et al., 2018). 

Forests comprise nearly one third of the land surface 
area and provide various ecosystem services, including 
timber production, water supply and regulation, protection 
of soil quality, climate regulation, biodiversity conserva­
tion, aesthetic amenity and recreation (Shvidenko et al., 
2005). Forests function as an efficient sink for atmospheric 
N as their high leaf area increases the surface available for 
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deposition. The pathways and rates of N deposition to 
forests vary based on factors such as stand composition and 
structure as well as physiological and environmental con­
ditions such as complex air flow regimes (e.g., turbulence), 
which creates a challenge for making accurate, represen­
tative, and comparable regional measurements and scaling 
them up to larger areas. Heterogeneity in forest cover, 
elevational differences and the effects of forest edges on N 
deposition and forest responses (Weathers et al., 2001; 
Hicks, 2008; Hofhansl et al., 2011), all contribute to the 
challenge in quantifying N deposition across forested 
landscapes (Levia and Frost, 2006; Nordén, 1991; Rob­
ertson et al., 2000; Devlaeminck et al., 2005; Templer et al., 
2015a). 

It is difficult and costly to representatively sample all of 
the various deposition mechanisms within a forest 
(e.g., direct dry deposition, stemflow, leaf exchange, tree-
drip) that occur at different zones within the canopy and 
the high degree of N chemical speciation (including 
oxidized, reduced, and inorganic and organic forms). Each 
method has uncertainties that need quantification and a 
broader assessment as to their relative contribution to the 
overall deposition process. Direct quantification of dry 
deposition from flux measurements is a costly, complex, 
and logistically difficult operation in any environment and 
it is further complicated due to the factors listed above and 
due to the remoteness of potential sampling locations, 
which can impede routine site operator access, limit the 
accessibility of power sources, and increase the occurrence 
of contamination from wildlife and insects. All of this 
makes quantifying a “true” deposition flux to a forested 
area challenging. 

For regional monitoring networks, it is therefore more 
feasible to use measurement techniques such as throughfall 
that are simple enough to replicate and maintain, even 
while recognizing the associated methodological limita­
tions. However, these simplistic and representative sam­
pling methods are seldom deployed in the regional 
monitoring networks. In most regions in the world, re­
searchers rely on wet deposition data collected in regional 
monitoring networks, augmented by independent and short-
term N deposition studies when available. Except in a few 
cases, data from these local studies are rarely used in 
making regional-scale estimates of N deposition to forests 
(Du et al., 2014b, 2016). More recently, researchers have 
become dependent on regional modeling estimates from 
atmospheric chemical transport models (CTMs) that are 
regularly validated against open-field measurements of N 
deposition (e.g., Simpson et al., 2006) but are rarely vali­
dated with empirical data to accurately estimate deposition 
to forests or other canopy-types (Fenn et al., 2010; Bauters 
et al., 2018; Schwede et al., 2018). 

The challenges of monitoring N deposition to forests 
may require a reassessment of the objectives of regional 

monitoring networks, which are typically designed to 
measure background concentrations and deposition to 
larger regional areas. These objectives require simplistic 
measurements (such as bulk deposition) that can be carried 
out according to simple protocols and samples are shipped 
to a central analytical facility capable of large sample 
throughput and rigorous quality assurance and quality 
control standards. Thus, many monitoring networks inten­
tionally avoid sites that are near or within forests. These 
networks thus provide a poor representation of N deposi­
tion to forest ecosystems, unless they deliberately have that 
objective, as forested sites require different methods of 
quantification and analysis. 

This chapter first describes the methods used for 
monitoring N deposition to forests and uncertainties with 
each. Secondly, the specific monitoring efforts, including 
monitoring networks or significant studies, in different 
global regions are discussed along with a brief summary of 
the measured N deposition levels in forests of each region. 
Networks that consider N deposition to forests have been 
assessed if their measurements are focused on obtaining 
representative samples in forests or as more of a research-
oriented site with sophisticated measurement to aid in un­
derstanding of deposition processes and pathways in forests 
to improve air quality and deposition models. 

Lastly, the degree of N deposition monitoring in forests 
is summarized from a global perspective and suggestions to 
improve the amount of monitoring, the accessibility and 
standardization of available data, and the standardization 
and accuracy of existing monitoring methods are made. In 
addition, focus on measurements to improve deposition 
model development and coupling with new technologies 
(e.g., satellite data, measurement model fusion techniques) 
can improve the utilization of existing monitoring data and 
these strategies should be complementary to monitoring 
programs and studies. 

2. Monitoring techniques for nitrogen 
deposition in forests 

2.1 An overview of deposition processes and 
monitoring approaches 

The pathways of air-surface exchange of N between the 
atmosphere and biosphere are wet deposition - the input of 
chemicals via precipitation (i.e., rain or snow), or mist or 
fog (known as occult deposition) - and dry deposition, 
which is the transfer of particles and uptake of gases to the 
surface or stomatal aperture, either by mechanical (i.e., 
turbulence), diffusion, gravitational settling, or surface 
chemical processes. The sum of the wet and dry deposition 
is referred to as total deposition. Three approaches are 
commonly used in monitoring N deposition processes in 
forests (Fig. 2.1). First, the assessment of throughfall, 
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FIG. 2.1 Schematic of deposition processes and N deposition monitoring approaches in forests. A portion of the dry-deposited N will be washed from 
the canopy in throughfall and stemflow. 

stemflow and bulk deposition allows the estimation of total 
N deposition to forests (Lovett and Lindberg, 1993; Fenn 
et al., 2018). Second, the measurement of wet and dry (i.e., 
total) deposition is conducted at open-field sites nearby 
forests or in a clear-cut plot within a forest. Thirdly, bio­
monitoring approaches with lichen and mosses are also 
frequently used to indicate N deposition (Pitcairn et al., 
2003, 2006; Root et al., 2013). 

2.2 Measurement of bulk deposition, 
throughfall and stemflow and derived total 
deposition 

Bulk deposition and throughfall: The most widely used 
technique to measure deposition to forests is the throughfall 
method, which uses a funnel to collect precipitation under 
the forest canopy in combination with a similar “bulk 
deposition” funnel positioned in an open-field site near the 
forest. Samples collected within forests represent not only 
wet deposition, but also dry and occult deposition that ac­
cumulates on the vegetation and is washed off by precipi­
tation, in addition to dry deposition accumulated on the 
collector itself. 

The two measurements are collected in the same time 
frame and the subtraction of the open-field bulk deposition 
from the under-canopy deposition yields the “net 
throughfall” or the quotient can be used as the “enrichment 

ratio” (Staelens et al., 2008; Du et al., 2014). The difference 
is comprised of the canopy-captured dry deposition and any 
canopy exchange amount (which will be >0 for canopy 
leaching and <0 for canopy uptake). 

Traditional throughfall and bulk deposition monitoring 
methods require precipitation-event based or periodic 
sample collection. In contrast, ion exchange resin (IER) 
samplers are a type of passive sampler requiring infrequent 
sampler exchange (Fenn et al., 2018). The reduced fre­
quency of exchange allows the IER samplers to be 
deployed at a much greater number of sites, including 
remote locations, at reduced costs. The IER samplers 
adsorb and accumulate ions from throughfall or precipita­
tion as the solution percolates through the IER column but 
is not retained (Fenn et al., 2018). Thus, the ions accu­
mulated within the IER column are extracted in the labo­
ratory, but solution-dependent measurements such as the 
pH and the ionic concentrations cannot be measured. 
Currently, IER resins only retain the dissolved inorganic 
nitrogen (DIN) species (defined herein as a combination of 
nitrate and ammonium) and methods have not been 
developed to quantitatively extract dissolved organic ni­
trogen (DON) from IER columns. DON can be quantified 
with conventional throughfall collectors, but most studies 
have not done this. DON makes up a significant portion 
(~25% of total water-soluble N in precipitation) of total N 
deposition but is often not taken into account when 
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calculating deposition (Cornell, 2011; Jickells et al., 2013). 
Note that throughfall or bulk deposition fluxes measured 
with IER collectors are an equivalent measurement to 
fluxes measured by conventional methods. 

Measured canopy N fluxes (both via traditional and IER 
throughfall) provide an estimate of total DIN deposition to 
the forest, but is likely an under-estimate due to canopy N 
uptake of wet and dry pathways and microbial processes in 
the canopy (Sparks, 2009; Wuyts et al., 2015; Du et al., 
2014b; Guerrieri et al., 2015; Lindberg et al., 1986; Lovett 
et al., 1996). Because of this and other potential un­
certainties in the method, consistency in deployment of the 
throughfall methods is important. Furthermore, stemflow 
should also be measured or accounted for in the net value 
as it can contain a considerable share of the deposition 
under canopy (Draaijers et al., 1996; Johnson and 
Lindberg, 1992). 

Stemflow: In addition to the throughfall pathway, pre­
cipitation and dissolved ions can move via stemflow down 
tree branches and to the trunks to the base of the tree (Levia 
et al., 2011). The amount of stemflow and its proportion to 
throughfall is heavily dependent on vegetation type and 
local climate (Draaijers et al., 1996). Stemflow can be 
sampled using cut-flexible tubing wrapped around a trunk 
as described in Masukata et al. (1990), but is not generally a 
measurement conducted in monitoring networks due to 
labor intensity and poor representativeness (i.e., results are 
highly variable from tree to tree and cannot be extrapolated; 
Hanchi and Rapp, 1997). 

Total deposition estimates: Several calculation schemes 
or “canopy budget models” have been suggested to derive 
estimates of total N deposition to forests from the combi­
nation of within-forest and open-field deposition (Ulrich, 
1994; Draaijers and Erisman, 1995; De Vries et al., 2001). 
They rely on the assumption that at least one substance 
passes the canopy without uptake or leaching (“tracer 
substance”) and that the dry and wet deposition properties 
of other substances are similar to that of the tracer sub­
stance. Canopy budget models also have considerable 
structural and parametric uncertainty (Adriaenssens et al., 
2013; Staelens et al., 2008). Estimates of canopy N uptake 
using canopy budget models in Europe found large varia­
tions in the relative importance of canopy uptake of overall 
inorganic N deposition (De Vries et al., 2001; Kirchner 
et al., 2014; Schmitt et al., 2005; Zimmermann et al., 2006; 
Thimonier et al., 2017; Aguillaume et al., 2017; Draaijers 
et al., 1995, 1997). Also, comparisons between canopy­
budget-based estimates of total inorganic N deposition 
and estimates based on the inferential method show mixed 
agreement (Kirchner et al., 2014; Schmitt et al., 2005; 
Zimmermann et al., 2006; Thimonier et al., 2017). Due to 
the large uncertainty in the canopy budget approach, N 
fluxes in throughfall plus stemflow are typically reported as 
a conservative estimate for total N deposition. 

In addition to uncertainties in the measurement methods 
and canopy budget models, the forest environment and its 
vegetation conditions provide considerable variation in how 
wet deposition and gasses interact. For example, stomatal 
uptake of gaseous compounds is not accounted for in 
throughfall, but any N compounds that may be emitted from 
the plant can end up in the throughfall sample. Deposited 
gases will interact with the plant surfaces at rates depending 
on several parameters, like foliage surface wetness (i.e., dew 
events, occult deposition). This amount can either be re-
emitted upon evaporation of the dew (Wentworth et al., 
2016) or entrained into the throughfall or stemflow samples. 
The speciation of N (i.e., ratio of ammonium and nitrate) in 
deposition can also be altered (e.g., by microbial activity) 
during the canopy passage or canopy uptake compromising 
the value of throughfall measurements to accurately reflect 
the composition of the total (wet and dry) deposition (Guer­
rieri et al., 2015). The considerable spatial heterogeneity of 
forest within a study site (i.e., changes in canopy heights, leaf 
type and density) will lead to variation in dry deposition 
(Levia and Frost, 2006; Nordén, 1991; Robertson et al., 2000; 
Devlaeminck et al., 2005; Templer et al., 2015a). This can be 
partially addressed by replicate samplers. Numbers of repli­
cate samples vary by study and site and should consider 
variables such as heterogeneity of stand structure, vegetative 
species, analytes, precipitation amounts, and exposure pe­
riods (Houle et al., 1999; Bleeker et al., 2003; Fenn et al., 
2013). Variability in sampling artifacts across different en­
vironments, such as a reduced effectiveness of throughfall 
collectors in arid environments (due to lack of precipitation to 
wash accumulated dry deposition into the sampler), can be 
difficult to account for (Fenn and Poth, 2004). 

2.3 Direct measurement of wet and dry 
deposition 

Wet deposition. Wet deposition refers to “wet-only” sam­
ples collected with samplers only open during precipitation 
events and is distinguished from “bulk deposition” where 
collectors are constantly open and collect an unknown 
portion of dry and occult deposition. 

Comparison studies of “wet-only” and bulk deposition 
measurements indicate differences of 2%–23% of which 
are likely to vary in different environmental conditions 
(Kulshrestha et al., 2005; Staelens et al., 2005; Chantara 
and Chunsuk, 2008). 

Moreover, occult deposition constitutes a large pro­
portion of total deposition in areas where high N pollution 
and cloudwater, mist, or fog events coincide (Fenn and 
Poth, 2004; Isil et al., 2017). Occult deposition can be 
directly collected by cloudwater collectors (Roman et al., 
2013) and can contribute to throughfall flux if deposited to 
the forest canopy, but is not efficiently collected by wet-
only or bulk deposition samplers (Fenn and Poth, 2004). 
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Dry deposition. The inferential method, which com­
bines measured air concentrations with modeled deposition 
velocity, is commonly used to estimate dry deposition. This 
approach typically employs time-integrated air concentra­
tions measured via passive samplers for gaseous pollutants 
or active sampling of particles and gases onto filters or 
denuders. Gaseous N species measured with passive sam­
plers include nitrogen dioxide (NO2), nitric oxide (NO), 
nitric acid vapor (HNO3), and ammonia (NH3). Passive 
samplers are based on passive diffusion of a pollutant into a 
small, portable housing cartridge and onto a collection 
medium that has an affinity for the gas to be sampled 
(Puchalski et al., 2011). When exposed to the atmosphere 
(typically for 1–4 weeks), the pollutant or its reaction 
product accumulates within the sampler and is later 
extracted for analysis at a laboratory. Active samplers 
continuously stream air through a collection device and 
allow for a much higher temporal resolution. 

Estimates of dry deposition by the inferential method 
are derived by multiplying air concentrations with depo­
sition velocities (i.e., the rate at which suspended reactive 
N species are removed from the air, either by mechanical 
(i.e., turbulence)), diffusion, gravitational settling, or 
surface chemical processes. Deposition velocities are 
highly variable and depend on a number of factors, 
including turbulence, leaf area index, stomatal conduc­
tance, surface wetness, and other factors. Given the dif­
ferences in these characteristics among ecosystems, 
deposition velocities cannot be spatially extrapolated with 
confidence from open-field locations to forests. The 
techniques applied to derive deposition velocities range 
from the use of constant values for general forest type 
from the literature (Aguillaume et al., 2017) to complex 
resistance modeling (Bytnerowicz et al., 2015). The 
inferential method has been used in numerous studies 
across the globe to estimate dry deposition of inorganic N 
(Flechard et al., 2011; Zhang et al., 2009; Bytnerowicz 
et al., 2015; Köhler et al., 2012; Zhan et al., 2015; Zim­
merman et al., 2006; Schmitt et al., 2005; Staelens et al., 
2012; Sickles et al., 2015). Higher temporal resolution of 
the air concentration measurements can reduce uncer­
tainty in the estimation of N deposition by accounting for 
correlation between air concentration and deposition ve­
locity (Schrader et al., 2018). 

Speciated dry deposition. Direct measurements of 
speciated dry deposition at high temporal resolution 
(hourly) are needed to characterize the processes and 
pathways by which particles and gases deposit to forests 
(Flechard et al., 2011). These measurements are often 
hosted or supported by monitoring networks, but the 
studies would be better classified as research and devel­
opment rather than monitoring, as results are used to 
develop modeling algorithms and improve the utilization of 
monitored data in deposition models. 

For N compounds, the analytical methods for contin­
uous flux measurements are costly and manual methods 
(e.g., denuders and filter packs) in a gradient configuration 
are highly labor intensive. These methods require signifi­
cant infrastructure (i.e., tower, electricity) and their 
deployment on tall towers presents logistical challenges. 
With relatively few exceptions (Munger et al., 1996; Eris-
man et al., 2005; Skiba et al., 2009), micrometeorological 
flux measurements above forests have been conducted for 
short periods of time to examine deposition processes rather 
than long-term deployment to develop annual deposition 
budgets. 

Uncertainties. Integrated samples can chemically 
change after collection and delayed analysis, especially 
with respect to analyte conversion due to microbial activity 
or sample contamination. These mostly occur in wet 
deposition samples in both open-field and forested sites 
(more frequently in the latter), but volatilization of filtered 
particulate matter (i.e., nitrateor ammonium) is a docu­
mented problem for filter-based integrated ambient con­
centration measurements (Sickles and Shadwick, 2002). 
Factors such as the length of sampling period, climate 
impacts on evaporation rates, and measures to inhibit arti­
facts (e.g., filtering, freezing or acidifying samples prior to 
analysis) often differ significantly by study, can affect the 
robustness of the method, and lead to data bias between 
different studies or networks. Regional monitoring net­
works maintain a consistent protocol with rigorous quality 
assurance and quality control procedures to reduce these 
issues (Clarke et al., 2016) but such programs require long­
term funding sources and commitment which can limit their 
usage in some regions. 

When the inferential method is applied, uncertainties in 
total deposition are related to the measurements of wet 
deposition and of air concentrations of the gaseous and 
particulate N compounds and to the estimation of deposi­
tion velocities. Comparisons of inferential models indicate 
differences as large as a factor of 2–3 depending on the 
chemical species and choice of parameterizations for at­
mospheric and for the underlying vegetation and surface 
resistances (Flechard et al., 2011; Schwede et al., 2011; Wu 
et al., 2011). Uncertainty in the modeled deposition ve­
locities and resulting deposition flux is much larger than the 
uncertainty in measured wet deposition or air 
concentrations. 

2.4 Bio-monitoring approaches 

An alternative to direct measurement of N deposition is to 
use changes in sensitive ecosystem components as a bio­
indicator. To effectively utilize bioindicators, a deposition 
estimate must be measured or modeled with a different 
method and used to calibrate the bioindicator relationship. 
Many studies have linked N deposition to responses of 
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epiphytic lichen and mosses across spatial gradients of N 
deposition (e.g., Pitcairn et al., 2003, 2006; Fenn et al., 
2008, 2010; Harmens et al., 2014). Epiphytic lichen and 
moss species are commonly used as bioindicators as they 
grow on rocks, tree trunks, and boles (as well as anthro­
pogenic structures) and get their nutrients from air and 
rainwater. With limited access to other N sources, these 
bioindicators can be linked to atmospheric N deposition. 
Some lichen species have a large spatial range so that 
changes in nutrient content can be evaluated in context of N 
deposition patterns. 

Given their constant exposure to the atmosphere, 
epiphytic species can be used to evaluate cumulative N 
deposition to an area based on either N content or lichen 
community richness. Root et al. (2013) compared lichen N 
content to throughfall deposition measurements in the Pa­
cific West of the United States and developed a model to 
estimate N deposition. They can also be used at local 
scales, such as distance from road, to evaluate steep 
deposition gradients without having to establish an 
expansive infrastructure (Bermejo-Orduna et al., 2014). In 
addition, pairing N content of nonspecialized lichen species 
with concentrations of other ions can help to refine esti­
mates (Will-Wolf et al., 2017). 

Each lichen and moss species has a unique response to 
increasing N deposition levels (Harmens et al., 2014; 
Kosonen et al., 2018; Pitcairn et al., 2006). Oligotrophic 
species decrease in abundance with increasing deposition 
while eutrophic species increase (Geiser et al., 2010). In­
dividual level responses allow lichen community compo­
sition to be used as a surrogate for N deposition. This has 
been tested using lichen community analysis from USDA 
Forest Inventory and Analysis (FIA) plots in the Rocky 
Mountains to predict N deposition (McMurray et al., 
2015), as well with over 5000 FIA plots across the US by 
Geiser et al. (2021) to compare modeled N deposition 
values to four metrics of lichen community structure (total 
richness, sensitive species richness, forage lichen abun­
dance, and cyanolichen abundance) to infer N deposition in 
an area. As methods of evaluating lichen communities 
become standardized across the globe, they are likely able 
to be used to have a global assessment of N deposition 
(Matos et al., 2017). 

The biomonitoring approach suffers from many limita­
tions (Díaz-Álvarez et al., 2018). Measured N content in 
bioindicators is calibrated to a measured N deposition value 
and thus that relationship is subject to the same un­
certainties as that measured value. There are also many 
factors which can confound the relationship between a 
respective biological material (e.g., mosses) and N depo­
sition rates. The growth reaction of mosses to N deposition 
itself can be complex, with a stimulating effect at low to 
moderate N deposition rates and a saturation of N uptake or 
even adverse effects at high rates, which creates non­

linearity in the relationship (Harmens et al., 2014). The 
relationship between N deposition and N concentration in 
the bioindicator also vary by species and regions (Root 
et al., 2013). For example, measured concentrations of 
mosses can be impacted by local soil or dust, altitude, 
differential reactions to wet and dry N deposition as well as 
modifications of growth rates caused by local microclimate 
(Harmens et al., 2014; Kosonen et al., 2018). These 
regional and interspecific variation of the relation between 
N concentrations and N deposition must be considered if 
results from multiple species are combined. The exact 
location of sampling is also important as effects of canopy 
drip on moss N concentrations have been reported (Har-
mens, 2011), while sampling protocols try to account for 
this problem by suggesting sufficient distance from the 
nearest canopy (ICP Vegetation, 2005). Furthermore, there 
is additional uncertainty in sampling and analytical 
procedures. 

Thus, the application of these bioindicators based on a 
single species is usually constrained to the geographic 
distribution of the selected species. However, by integrating 
species composition and foliar N concentration of under-
story vascular plants, Du (2017) proposed a community N 
indicator (CNI) as  Eq. (2.1), 

  
   

 

where LNCi indicates leaf N content (g kg–1) of each un­
derstory vascular species and SCi indicates coverage (%) 
of each species. Experimental results from a study in North­
east China indicate that the community N indicator is a 
strong indicator (R2 = 0.83, P < .001) of N deposition, 
which has a potential to be used widely across various 
terrestrial ecosystems and would be a useful tool for nature 
conservation managers and policy makers (Du, 2017). 

3. Regional assessment of nitrogen 
deposition monitoring in forests 

3.1 Europe 

3.1.1 Overview of monitoring approaches 
A large share of the knowledge on N deposition in Europe 
stems from programs under the United Nations Economic 
Commission for Europe (UNECE) Convention on Long-
range Transboundary Air Pollution (CLRTAP). These 
include the Co-operative Program for Monitoring and 
Evaluation of the Long-range Transmission of Air Pollut­
ants in Europe (EMEP), the International Co-operative 
Program on Assessment and Monitoring of Air Pollution 
Effects on Forests (ICP Forests), the International Coop­
erative Program on Integrated Monitoring of Air Pollution 
Effects on Ecosystems (ICP IM) and the International 
Cooperative Program on Effects of Air Pollution on Natural 



Monitoring nitrogen deposition in global forests Chapter | 2 23 

Vegetation and Crops (ICP Vegetation). Monitoring in the 
EMEP networks includes measurements of precipitation, 
ambient air chemistry of N compounds, and concentrations 
of DIN in precipitation dating back to 1977 (EMEP, 2001). 
For 2015, data from 125 stations located at open-field sites 
in rural areas across Europe has been reported (Hjellbrekke, 
2017). EMEP also operates the EMEP Meteorological 
Synthesizing Center – West (MSC-W; EMEP, 2021) 
chemical transport model used to assess various aspects of 
air pollution in Europe (Simpson et al., 2012). 

Monitoring methods specific to N deposition are applied 
in ICP Forests to identify relationships between environ­
mental drivers like air pollution and forest ecosystem re­
sponses. Sites in the ICP Forests network are located within 
forest stands and measurements of throughfall and stem-
flow (where necessary) are conducted along with a co-
located (within vicinity of 5 km) open-field site for the 
measurement of bulk deposition. This allows for the com­
parison of bulk deposition with throughfall deposition un­
der canopy. Additional measurements made at the sites (or 
at sub-sites in the vicinity) include air quality by passive 
and active samplers, meteorology, crown condition, forest 
growth, phenology, species diversity of ground vegetation 
and chemical composition of foliage, litterfall, soil and soil 
solution (see e.g., Michel et al., 2018; De Vries et al., 2003a 
for an overview of measurements and De Vries et al., 2014 
for results). While some older and some recently installed 
sites exist, many have been established in the mid-1990s. 

The forested and collocated open-field sites are operated 
and financed by the ICP Forests member states or agencies 
at the sub-national level. In the mid-1990s, the bulk open-
field deposition was measured at 443 plots in a total of 23 
countries while throughfall was measured at 317 of those 
sites (De Vries et al., 2003b). For the period 2011–15, 322 
sites from 27 countries submitted sufficient data to calculate 
average annual rates of DIN deposition in throughfall (see 
Fig. 2.2). 

A central Program Coordinating Center, a joint data­
base, and a comprehensive manual on the monitoring 
methodology (ICP Forests Programme Co-ordinating 
Centre, 2016) ensure consistency between the data-
contributing partners. Information on data assessment 
methods (i.e., use of funnels and gutters, number of repli­
cates, sampling frequency) and data quality control, has 
been summarized in De Vries et al. (2003b) and is provided 
in detail in Clarke et al. (2016). While ICP Forests as­
sessments are conducted at the site level, the ICP IM aims 
for results at the catchment scale. For the period 2012–16, 
44 active sites from 16 countries have been reported 
(SYKE, 2018), many of which are covered to a large extent 
by forest (Vuorenmaa et al., 2018). Similar to ICP Forests, 
the ICP IM methodology includes measurements of N 
compounds both in deposition (DIN from throughfall, 
stemflow and open field) and ambient air (e.g., NO2, 
summed particulate nitrate and gaseous nitric acid, summed 
particulate ammonium and gaseous ammonia) (ICP IM 

FIG. 2.2 Map of ICP forests intensive monitoring sites showing (a) mean throughfall deposition of inorganic N for the period 2011–15 and (b) relative 
change in throughfall inorganic N deposition during the period 2000–15. This figure is reused from Schmitz et al. (2018) with permission. 



24 SECTION | 1 Monitoring and modelling spatial variation in nitrogen deposition 

Programme Centre, 1998). At most of the sites, measure­
ments started in the early or mid-1990s. 

In addition to these harmonized networks, the European 
section of the Long-Term Ecosystem Research network 
(LTER-Europe) acts as an umbrella network including 
stand-alone sites as well as sites also registered in other 
networks like ICP Forests and ICP IM. At many of these 
sites, deposition and/or ambient air concentration of N 
compounds are regularly measured. 

Biomonitoring studies in the European region are con­
ducted within the framework of the ICP Vegetation 
network. ICP Vegetation coordinates a Europe-wide 
monitoring of element concentrations in mosses, 
including N. Large-scale moss monitoring of N started in 
2005 and is conducted every 5 years. Data from several 
thousand sites are available, most of which are located 
within forests (Schröder et al., 2016). 

3.1.2 Regional patterns and trends of 
nitrogen deposition 

Nitrogen deposition varies strongly across Europe, as evi­
denced form various monitoring and modeling approaches. 
According to EMEP model simulations, deposition of 
inorganic N (not restricted to forest) to Europe (the EU28 
plus Norway and Switzerland) in 2018 has decreased to 
approximately 64% of the levels in 1990. Based on mea­
surements of wet deposition during 1955–2017, Ferm et al. 
(2019) reported similar trends of ammonium and nitrate 
deposition in Sweden, decreasing from 1990 levels by 
–26% and –35%, respectively. Future reductions will 
likely be much smaller and reach 58% of the 1990 level by 
2050 (Engardt et al., 2017). The EMEP model has been 
validated on measurements from both the EMEP and the 
ICP-Forests monitoring networks, showing good agreement 
for sulfate and nitrate open field deposition, while larger 
differences are more evident for ammonium deposition, 
likely due to the greater influence of local ammonia sour­
ces. Modeled sulfur total deposition compares well with 
throughfall deposition measured in forest plots, while the 
estimate of N deposition was affected by the tree canopy 
(Marchetto et al., 2021). 

The average forest throughfall deposition of DIN for the 
period 2011–15 measured at ICP Forests intensive moni­
toring sites ranged between 0.3 and 29 kg N ha–1 yr –1 with 
a median of 9 kg N ha–1 yr– 1 (Schmitz et al., 2018). While 
sites in northern Scandinavia often report deposition rates 
below 2.5 kg N ha–1 yr– 1, sites in Central and Western 
Europe often receive more than 15 kg N ha–1 yr –1 in 
throughfall (Fig. 2.2A). At many sites, the relative contri­
butions of ammonium and nitrate among the DIN 
throughfall deposition are approximately balanced, but 
overall median values for ammonium in bulk deposition are 
slightly higher than for nitrate, both in the EMEP network 

(about 55%–45%) and especially in the ICP forest network 
(about 60%–40%) (Marchetto et al., 2021). It is uncertain 
whether the difference in the ammonium/nitrate ratio is 
altered by microbial activity (see Section 2.2). 

Decreasing trends in DIN throughfall deposition have 
been reported at ICP Forests intensive monitoring sites. 
Waldner et al. (2014) reported an overall decreasing trend 
of 2% per year in the period from 2001 to 2010. An 
analysis by Schmitz et al. (2018) of a similar datasets 
covering the period 2000–15 grouped the sites according 
to the N deposition rates over the period from 2000 to 2004. 
They found a decrease by 24% for the overall period at the 
third of the sites with the highest initial N deposition rates, 
and a decrease by 16% at the third of the sites with the 
lowest initial N deposition rates. This reflects an overall 
pattern of stronger decreases in N deposition at sites with 
more pollution (Fig. 2.2B). Decreasing trends in DIN 
deposition from 25 forested catchments across Europe were 
also reported from the ICP IM program over the period of 
1990–2015 (Vuorenmaa et al., 2018). 

For biomonitoring, relationships between moss N con­
centrations and N deposition are linear at low rates of N 
deposition and asymptotic at high rates (Harmens et al., 
2014; Kosonen et al., 2018). Results from the pan-
European moss monitoring confirm hot-spots of N depo­
sition in Central and Western Europe (Schröder et al., 
2016). Decreasing trends in average median N concentra­
tion in moss tissue have been found to be similar to cor­
responding trends in EMEP modeled N deposition 
(Schröder et al., 2016). 

3.2 North America 

3.2.1 Overview of monitoring approaches 
Historically, researchers in North America have relied on 
estimates of wet deposition or modeled total N deposition, 
often from chemical transport models (CTM) such as 
CMAQ or CAMx for regional to continental scale analysis 
of N deposition (Brown and Froemke, 2012; Fenn et al., 
2012; Pardo et al., 2011). These modeled estimates are 
often verified with N measurements from regional moni­
toring networks with standardized procedures and exten­
sive quality assurance and control protocols. The data 
include: weekly bulk open-field samples of DIN concen­
trations in precipitation from the National Atmospheric 
Deposition Program’s National Trends Network (NADP/ 
NTN; currently 257 sites) dating back to 1978; biweekly 
passive ambient NH3 concentrations from the NADP 
Ammonia Monitoring Network (AMoN; currently 103 
sites) dating back to 2010; weekly ambient concentrations 
of HNO3, and particulate ammoniumand nitrate from the 
U.S. Environmental Protection Agency’s Clean Air Status 
and Trends Network (CASTNET; currently 95 sites) dating 
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back to 1988; and 24-h integrated samples of DIN con­
centrations in precipitation and ambient concentrations of 
HNO3, particulate ammoniumand nitrate from the Cana­
dian Air and Precipitation Monitoring Network (CAPMoN; 
currently 29 sites with precipitation and 18 sites with 
ambient concentrations) dating back to 1983. The NADP’s 
TDep total deposition measurement model fusion product 
combines regional monitoring data with the gridded 
deposition velocities output from the CTMs to produce 
hybrid measurement model 4 km grids of total deposition 
values across the continental U.S (Schwede and Lear, 
2014). As this product utilizes measurements from rural 
sites, intentionally distanced from sources to capture 
regionally representative measurements, to weight deposi­
tion estimates, deposition in areas near sources or highly 
populated areas is often underestimated. Also, extrapola­
tion of deposition into areas with complex terrain or 
vegetative surfaces with difference surface roughness such 
as forest canopies is a source of uncertainty (Walker et al., 
2019). More localized empirical models have also been 
developed that attempt to extrapolate data collected in 
forested areas into more mountainous or complex terrain 
(Weathers et al., 2006). 

In North America, most monitoring efforts in forests are 
limited to individual intensive studies at a single or small 
group of sites. These studies are relatively short-term in 
duration ranging from one to several years and are funded, 
organized, or hosted by various federal agencies and/or 
universities. The studies are often mixed in their objectives 
and range in the methods and quality assurance protocols 
used. A current effort is underway by the NADP 

organization to assemble a database of various historic and 
current deposition studies across the US (Fig. 2.3). Each of 
these studies uses one of the methods discussed in Sections 
2.3 and 2.4 and will allow for comparisons of deposition 
within space and time, and a comparison with modeled 
outputs. The effort is an important step in assessing 
regional estimates of deposition across the continental 
United States and can be expanded to include sites in North 
America. This database will assist in study design and will 
help scientists link their data to past studies, deposition 
from different methods, and current deposition mapping 
tools. 

The United States Forest Service runs an extensive 
biomonitoring program to meet federal and agency re­
sponsibilities to detect, map, evaluate trends, and assess 
the ecological impacts of air pollutants (http://gis.nacse. 
org/lichenair/). Since 1993, the National Forest System 
has conducted surveys under the auspice of the Forest 
Inventory and Analysis Program to use standardized 
methods to evaluate lichen communities (Fig. 2.3; gray  
dots). Both community data and tissue nutrient composi­
tion are used to evaluate trends in deposition at both 
regional and local scales. Plots are intended to be revisited 
every 10 years to evaluate change in relation to deposition. 
This data has been used to understand the range of impacts 
of coal-fired power plants (Peterson and Neilitch, 2001), 
oil and gas development (McMurray et al., 2013), and 
cruise ships (Schirokauer et al., 2014) on natural systems. 
As discussed in Section 2.4, a model was developed to 
assess regional N deposition using lichen community 
analysis (Geiser et al., 2021). 

FIG. 2.3 Locations of bulk and through-
fall samplers and biomonitoring studies 
from individual research projects relative to 
NADP (NTN) and CASTNET national 
networks. This figure was created by 
Michael Bell, National Park Service. 

http://gis.nacse.org/lichenair/
http://gis.nacse.org/lichenair/
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3.2.2 Regional patterns and trends of 
nitrogen deposition 

Regional and spatial trends in N deposition to forests in 
North America are reflective of those reported by regional 
monitoring networks (as described by Vet et al., 2014). For 
2016, the 90th percentile of measured total N deposition 
ranges from 10.8 to 13.6 kg N ha–1 yr –1 and the site lo­
cations are mixed between rural areas in the midwestern 
U.S. with measured total reduced N deposition values of 
6.4–8.3 kg N ha–1 yr –1 and more urbanized areas (such as 
rural sites around the I-95 corridor in the eastern U.S.) with 
a mix of reduced (3.1–4.3 kg N ha–1 yr –1) and oxidized N 
(7.0–9.1 kg N ha–1 yr –1). Regional patterns of deposition 
in the U.S. show a decline in wet deposition of oxidized N 
from mid-1990s and a shift toward a predominance of 
reduced rather than oxidized forms of N in wet DIN 
deposition (Li et al., 2016; Du, 2016). 

The use of IER throughfall deposition samplers has 
facilitated monitoring N deposition levels in remote regions 
of western North America (Fig. 2.4; Fenn et al., 2013, 
2015; Root et al., 2013). Generally, each monitoring array 
is set up to answer a specific research question or identify a 
presumed N deposition gradient, the fact that the same 
methods are used across sites allows these collectors to be 
viewed as an ad hoc network for comparison against 

modeled values. A common observation from these data is 
the steep deposition gradients with increasing distance from 
the primary emission source area (Fenn et al., 2007, 2008, 
2015). For example, in the San Bernardino Mountains in 
the Los Angeles, California Air Basin (USA), throughfall N 
deposition decreases 10-fold, from 70 kg N ha–1 yr –1 on 
the western edge of the mountain range, to 7 kg N ha–1 

yr –1 50 km further to the east (Fenn et al., 2008). Such fine 
scale spatial patterns are not observed in simulation model 
output at the typical 12 by 12 km grid scale. Furthermore, 
simulation models tend to miss hotspots of N deposition. In 
the Sierra Nevada Mountains of California, the CMAQ 
model underestimates N deposition at montane sites where 
N deposition is moderately or highly elevated, from 6 to 
7 kg N ha–1 yr –1 or greater (Fenn et al., 2010). These ob­
servations illustrate the importance of validating simulated 
N deposition estimates with empirical measurements. 

At most of the sites in western North America 
(Fig. 2.4), a high percentage (i.e., 40% or more) of the 
throughfall flux was as NH4–N. However, at the more 
humid sites in southeast Alaskan and in much of western 
Washington State, preferential canopy consumption of 
oxidized forms of N was observed, as has been reported in 
many other studies in “wet” temperate forests (see data and 
references in Fenn et al., 2013). At these sites, throughfall 

FIG. 2.4 Location of forested sites in western North 
America where throughfall deposition was measured 
from 2002 to 2017 using ion exchange resin (IER) 
samplers. Data are in kg N ha–1 yr –1 (except for the 
Alaskan sites, which are summertime only). Red por­
tions of the circular symbols represent the proportion of 
the annual deposition as NH4–N and green represents 
NO3–N deposition. The map inset shows details for 
IER monitoring sites in southeast Alaska, USA. This 
figure was created by Mark Fenn, USDA Forest 
Service. 
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deposition of nitrate was very low compared to ammonium. 
This pattern was not observed in collocated bulk deposition 
samplers. 

At sites in the northeastern U.S, throughfall fluxes also 
tend to have a high percentage of NH4–N (ranging from 
47% to 62% for watersheds in Vermont and New Hamp­
shire) and is similar to the percentage of NH4–N in total 
inorganic N for surrounding wet deposition and total 
deposition measured by rural NADP and CASTNET net­
works (Templer et al., 2015b). These findings also illustrate 
some of the challenges in attempting to estimate total N 
deposition from throughfall flux data. For comparison, 
Knoepp et al. (2008) measured throughfall deposition rates 
ranging from 6.1 to 12.8 kg N ha–1 yr –1 along an elevation 
gradient in the southern Appalachian Mountains in the mid 
1990s. Throughfall budgets were dominated by organic N, 
which contributed from 58%–74% of annual average total 
N deposition across sites (Knoepp et al., 2008). DIN in 
throughfall was dominated by nitrate, though fractions of 
nitrate and ammonium in bulk deposition samples were 
comparable. 

FIG. 2.5 Spatial distribution of EANET sites (http://www.eanet.asia) in
forested and non-forested environments. The green and gray shading areas 
indicate the distributions of forests and non-forest land cover, respectively. 
This figure is created based on data from EANET (http://www.eanet.asia). 

3.3 East Asia 

3.3.1 Overview of monitoring approaches 
East Asia is one of the global hotspots of N deposition (Vet 
et al., 2014). However, international and national moni­
toring networks in East Asia only include measurements of 
N deposition at a limited number of sites in forested en­
vironments. The Acid Deposition Monitoring Network in 
East Asia (EANET, http://www.eanet.asia), prepared dur­
ing 1998–2000 and started from 2001, routinely measures 
wet DIN deposition and air concentration of reactive N in 
13 countries following the relevant quality assurance and 
quality control (QA/QC) procedures (Sase et al., 2009). 
Specifically, the filter pack method and passive sampler 
method was used to determine gaseous substances and 
particulate matter components, while some priority N 
chemical species, such as NOx was measured by automatic 
monitoring methods. In 2017, the monitoring of atmo­
spheric deposition was conducted at a total of 62 moni­
toring sites, of which 15 remote sites were located in open 
areas within forested environments (Fig. 2.5). 

Japan’s Ministry of the Environment is running a long­
term acid deposition monitoring network, which includes 
measurements of wet and dry N deposition across 31 sites 
with half amount of them located in remote areas (http:// 
www.env.go.jp). Currently, China National Environmental 
Monitoring Center is running a National Acid Deposition 
Monitoring Network, which measures open-field wet DIN 
deposition at more than 300 sites across the country (http:// 
www.cnemc.cn). However, most sites of this network are 
not located in forest systems but instead located in urban/ 
suburb environments and datasets are not accessible to the 

public. In this context, China Agricultural University has 
organized a Nationwide Nitrogen Deposition Monitoring 
Network, which measures bulk (using rain gauge) and dry N 
deposition (mainly using passive sampler method) across 43 
sites with a variety of land covers (e.g., urban area, cropland, 
forest and grassland), but this network only includes seven 
forested sites over China (Xu et al., 2015). The Chinese 
Ecosystem Research Network (CERN) also measures wet/ 
bulk N deposition across 41 sites over China, among which 
14 sites were located in forest environments (Zhu et al., 
2015). The latter two monitoring networks have improved 
the understanding of N deposition in China, but un­
certainties remain in the data quality due to a lack of pro­
cedure for quality assurance and quality control as well as 
inclusion of data from multiple methods. 

The case in East Asia is similar to that in North 
America, where there is an absence of a coordinated in­
ternational and/or national monitoring network of N depo­
sition specifically focused on forests, but individual studies 
and measurements of bulk deposition, throughfall and/or 
stemflow have been frequently reported in China and Japan 
(e.g., Matsuura et al., 2001; Chen and Mulder, 2007; Sheng 
et al., 2013). However, measurements of bulk deposition, 
throughfall and/or stemflow are rare in many other countries 
(e.g., Cambodia, Indonesia, Malaysia, Myanmar, 
Philippines, Republic of Korea, Thailand and Vietnam) in 
East and South East Asia, hindering a further synthesis of 
forest specific N deposition over the whole region. 

http://www.eanet.asia
http://www.eanet.asia
http://www.cnemc.cn
http://www.env.go.jp
http://www.eanet.asia
http://www.env.go.jp
http://www.cnemc.cn
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Epiphytic and saxicolous mosses and lichen, which are 
extremely sensitive to external N inputs, have been 
frequently used as bio-indicators of N deposition in East 
Asia (Pitcairn et al., 2003; Díaz-Álvarez et al., 2018). As 
discussed in Section 2.4, some biases potentially exist in 
the bio-uptake between oxidized and reduced N, however, 
Du (2017) has recently proposed a community N indicator 
by integrating vascular species composition and foliar N 
content. The community N indicator has a potential to be 
used widely. 

3.3.2 Regional patterns and trends of 
nitrogen deposition 

Wet deposition of ammonium and nitrate at the 15 remote 
forested sites (base year 2015) of EANET shows an 
average at 2.9 (ranging 0.5–5.3) and 2.1 (ranging 0.6–8.2) 
kg N ha–1 yr –1, resulting in a sum N deposition of 5.0 
(1.1–13.6) kg N ha–1 yr –1. Dry deposition is usually 
estimated based on an inferential method, but the estimates 
of dry N deposition have been rarely conducted using 
EANET monitoring data on air concentrations of reactive N 
because the measurements of forest specific dry deposition 
velocities are challenging and rare (see Section 2.3 for more 
discussion). The EANET data showed very low levels of 
wet N deposition at forested sites because measurements 
were conducted at only two forested sites in China where 
high-level N deposition occurred (Du et al., 2014b). In 
China, the wet deposition at the 14 forested CERN sites 
averaged 7.7 kg N ha–1 yr –1 for ammonium and 
6.5 kg N ha–1 yr –1 for nitrate, respectively, leading to a 
sum of 14.2 kg N ha–1 yr –1 (Zhu et al., 2015). A recent 
assessment at a national scale indicates that bulk and dry N 

deposition in China increased significantly from 1980 and 
reached a peak between 2000 and 2010, thereafter showing 
a steady decline (Wen et al., 2020). This trend implies a 
shift from increase to decrease in N deposition to forests in 
China. 

By synthesizing literature reports on measured DIN 
fluxes in bulk precipitation, throughfall and stemflow from 
33 sites, Du et al. (2016) showed high levels of bulk N 
deposition and total N deposition (as the sum of N fluxes in 
throughfall and stemflow) in China’s forests, being on 
average 16.5 and 21.6 kg N ha–1 yr –1, respectively. 
Generally, N deposition varied substantially across sites, 
showing high values in central and south-eastern China 
(Fig. 2.6). Moreover, bulk N deposition and total N depo­
sition both showed a significant power-law increase with 
decreasing distance to the nearest large cities, suggesting 
the occurrence of urban hotspots of N deposition (Du et al., 
2016). The biomonitoring approach has also been used to 
indicate N deposition from local to regional scale (Liu 
et al., 2008; Xiao et al., 2010; Shi et al., 2017). For 
instance, Xiao et al. (2010) estimated that N deposition 
ranged 13.8–47.7 kg N ha–1 yr –1 in the Yangtze River 
drainage basin in China by using epilithic mosses (Hap­
locladium microphyllum) as a bio-indicator. However, no 
such studies have been done specifically in forests at a 
regional or national scale. 

3.4 South Asia 

3.4.1 Overview of monitoring approaches 
Forest N deposition monitoring in the South Asia region 
which includes India, Pakistan, Bangladesh, Nepal, Bhutan, 

FIG. 2.6 Spatial patterns of (a) bulk N deposition and (b) total N deposition (as a sum of N fluxes in throughfall and stemflow) in China’s forests. The 
background shading in light green, yellow, purple and gray indicate the distribution of forest, grassland, cropland and other land covers, respectively. 
Reproduced from Du, et al. (2016) under the Creative Commons Attribution 3.0 License. 
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Maldives and Sri Lanka is becoming more prevalent. Co­
ordination and organization is in need to achieve a number 
of sites performing standardized procedures that can 
monitor N deposition over long periods of time. There are 
few monitoring sites dedicated to monitoring deposition to 
forests in South Asia. Most measurements of N deposition 
are based on DIN and are collected in wet-only or bulk 
deposition collectors in open fields from short-term inten­
sive studies or data made available by the Global Atmo­
sphere Watch (GAW) World data Center for Precipitation 
Chemistry (Vet et al., 2014; Kulshrestha et al., 2005; 
Kulshrestha, 2017; Dentener et al., 2006; Singh and Kul­
shrestha, 2014; Naseem and Kulshrestha, 2021). However, 
some recent estimation of total dissolved nitrogen (TDN) in 
wet deposition indicates that a significant fraction (5% 
–60%) of TDN is contributed by DON (Mishra and Kul­
shrestha, 2021). DON has been reported showing a strong 
correlation with nitrate at urban locations, suggesting a 
need of further investigations about DON and related 
sources. Recently, there have been several workshops and 
discussions involving South Asian partners and scientists to 
develop an interdisciplinary research hub called “United 
Kingdom Research Innovations Global Challenges 
Research Fund (UKRI-GCRF) South Asian Nitrogen Hub 
(SANH)” under the leadership of Center for Ecology and 
Hydrology, UK which aims to address the issues of 
intractable challenges in the region. During 2022–23, the 
SANH has set up a network in South Asian countries for 
wet deposition studies and NH3 measurements. 

There are very few studies on the budget and reservoirs 
of N in forests in South Asia. The changes in land-use due 
to deforestation are likely to affect the N cycle as indicated 
by soil, vegetation, and litter analyses (Singh and Singh, 
1991). The lack of a standardized methodology hinders the 
comparability of results from individual studies over a time. 
While ranges of uncertainty have been reported, ~25% by 
Mehra et al. (1985), this may not account for all sampling 
artifacts (e.g., enrichment from local soil) and delay in 
chemical analysis (Kulshrestha et al., 2005; Granat, 1997; 
Gillett and Ayers, 1991). Terminalia arjuna and Morus 
alba trees have been used to study the effect of air pollution 
on the biochemical parameters of plant foliar in New Delhi 
(Gupta et al., 2016). 

3.4.2 Regional patterns of nitrogen 
deposition 

Monitoring results of N deposition in forests are limited in 
South Asia. Field studies found that nitrate in throughfall 
was enriched by a factor of 1.6 as compared to bulk 
deposition in the Silent Valley forest in south India, but no 
differences were observed for ammonium (Rao et al., 
1995). In the central Himalayan region in India, the 
throughfall and stemflow N deposition have been reported 

in the range between 3.8 and 6.3 kg N ha–1 yr –1 (Mehra 
et al., 1985). A 3-year study (2006–08) in a forest reserve 
area in the Western Ghats showed an increasing pattern of 
inorganic N deposition in India (Satyanarayana et al., 
2010). A study from Khumbu region Nepal reported rela­
tively high mean values of scavenging ratio of nitrate than 
ammonium due to NOx air pollution (Shrestha et al., 2013). 

3.5 Africa 

3.5.1 Overview of monitoring approaches 
In Africa, measurements of N deposition are sparse across 
all regions and ecosystems. On a regional scale, a long-term 
deposition monitoring project was initiated in the 1990s 
under the IDAF (IGAC/DEBITS/Africa) program, aiming 
to contribute to the World Meteorological Organization 
Global Atmosphere Watch (WMO GAW) program. This 
long-term network aims to quantify wet and dry N depo­
sition as inorganic forms spread over the African continent, 
with 13 stations across the continent spanning some main 
forest ecosystems from dry savanna to moist tropical forest 
(https://indaaf.obs-mip.fr/) (Yoboué et al., 2005; Adon 
et al., 2013; Galy-Lacaux et al., 2014). Methods employed 
in the IDAF include weekly and event-based rainfall vol­
ume analyzed for ammonium and nitrate via automated wet 
deposition collectors (https://indaaf.obs-mip.fr/measure­
ments/precipitation/). Dry deposition of gaseous compo­
nents is monitored via passive samplers for gaseous NH3, 
HNO3, and NO2 and is monthly integrated exposures. Dry 
deposition of particulates are made via bulk aerosol and a 
fixed dry deposition velocity of 0.1 or 0.2 cm s–1 (Galy-
Lacaux et al., 2014). 

Like with North America and Asia, throughfall mea­
surements are mostly made in individual intensive short-
term studies. However, a localized new monitoring 
network within the central Congo Basin was set up in 
different subtypes of the moist tropical forest, targeting wet 
and dry deposition of N, including organic N deposition 
(Bauters et al., 2019). Throughfall and bulk deposition 
biweekly samples are used for rainfall volume, ammonium, 
nitrate, and DON, and measurements in the core sites are 
complemented with soil, soil solution, litterfall N mea­
surements in an attempt to make a proper characterization 
of these forests’ N cycle. 

3.5.2 Regional patterns of nitrogen 
deposition 

Regional estimations were done based on monitoring of 
wet and dry N deposition during 2000–07 in several west 
and central African sites included in the IDAF network. 
This resulted in estimates of total inorganic N deposition of 
14.8–15.4, 6.9–10.0, and 6.0–8.9 kg N ha–1 yr– 1 for 
respectively forest, wet savannas and dry savannas, of 

https://indaaf.obs-mip.fr/measurements/precipitation/
https://indaaf.obs-mip.fr/
https://indaaf.obs-mip.fr/measurements/precipitation/
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which respectively, an estimated 3.6, 3.5–5.3 and 2.0–3.4 
was wet deposition (Galy-Lacaux et al., 2014). 

For one hydrological year, Bauters et al. (2018) found 
inorganic wet deposition loads of 5.2 kg N ha–1 yr –1 for 
central African forests, with 26.5 kg N ha–1 yr –1 in the 
throughfall of mixed lowland forests. Additionally, they 
noted a very high amount of DON contributing to the N 
deposition loads, raising the total wet deposition to 
18.2 kg N ha–1 yr– 1 and 53.1 kg N ha–1 yr –1 in the 
throughfall of lowland mixed forests. They did not separate 
canopy leaching from dry deposition, because the methods 
for DON source appointment have not been fully developed 
yet, but detailed analytical analysis via FT-ICR showed that 
at least a large part of the DON fraction in the throughfall 
was exogenous DON that originated from biomass burning 
in other parts of the continent. These high deposition loads 
were later confirmed from montane forests in the east of the 
Democratic Republic of the Congo, with 21 kg N ha–1 yr –1 

of wet deposition, and 42 kg N ha–1 yr –1 in throughfall 
(Bauters et al., 2019). Modeling efforts have previously 
shown this apparent net transfer of N emitted via wildfires 
in the savanna borders of the continent and subsequently 
transported toward and deposited in the central forest basin 
(Chen et al., 2010). 

3.6 Central and South America 

3.6.1 Overview of monitoring approaches 
In Central and South America, there are no large-scale 
monitoring networks of N deposition overall or to for­
ests. There have been many intensive studies on rainfall in 
tropical forests, but these have mostly been focused on 
quantifying local N cycling and N budgets within forest 
canopies. The sporadic nature of the studies makes it 
difficult to determine spatial or temporal trends of N 
deposition over the continent. The variation in the results 
of the studies is likely due to the different locations 
particularly in regard to proximity to upwind sources, 
prevailing meteorological patterns, and differences in 
composition and amounts of precipitation in the wet and 
the dry seasons. 

3.6.2 Regional patterns of nitrogen 
deposition 

Individual intensive studies of N deposition in the Central 
and South American tropical forests are focused on char­
acterizing levels of N deposition and looking at impacts of 
nearby and transported anthropogenic pollutants. Studies in 
tropical forests have found different precipitation chemistry 
between the wet and dry season with higher precipitation 
volumes and more dilute solute concentrations in the wet 
season (Andreae et al., 1990; Forti and Moreira-
Nordemann, 1991; Van Langenhove et al., 2020). This is 

an important consideration, and many studies differentiate 
reported fluxes between these seasons. 

Canopy exchange rates vary with different studies. Forti 
and Moreira-Nordemann (1991) and Van Langenhove et al. 
(2020) report that throughfall samples were similar to bulk 
deposition samples for ammonium indicating little 
adsorption or interaction with the canopy while other spe­
cies, particularly nitrate are often retained. 

Many studies focus on the breakdown of TDN to 
inorganic (DIN) or organic (DON) forms. In the Amazon 
basin, reported fluxes of DIN range from 4.8 (Andreae 
et al., 1990) to 8.6 kg N ha–1 yr –1 (Williams et al., 1997) 
with very different proportions of reduced N (35%–67% 
and 17%, respectively). Reported DIN fluxes in Costa 
Rican lowland tropical forests ranged from 6.4 to 
17 kg N ha–1 yr –1 with the percentage of the flux as 
reduced N ranging from 59% to 72% (Eklund et al., 1997; 
Hofhansl et al., 2011; Schwendenmann and Veldkamp, 
2005). No speciation was reported by Schwendenmann and 
Veldkamp, and DON, when reported, varied from 
3.8 kg N ha–1 yr –1 (37% of TDN; Eklund et al., 1997) to  
0.6 kg N ha–1 yr –1 (8% of TDN; Hofhansl et al., 2011) to  
9 kg N ha–1 yr –1 (35% of TDN; Schwendenmann and 
Veldkamp, 2005). 

Several Costa Rican throughfall studies were conducted 
in the montane tropical forests, but neither of these studies 
reported DON fluxes. They found DIN fluxes of 3.4 (Clark 
et al., 1998) and 4.7 kg N ha–1 yr –1 (Hölscher et al., 2003) 
with the former flux being 50% reduced N and the latter 
83% reduced N. This variation between measurements 
performed and the results obtained from studies even in 
forests of similar locations makes it difficult to determine 
coherent regional patterns with different methods 
(e.g., Allen et al., 2011 used passives for while (Souza 
et al., 2020) used denuders for gaseous some studies use 
passives for gaseous NO2, NH3, HNO3), in different pe­
riods, and in different regions and elevations with their own 
meteorological patterns and proximity to sources. 

Several studies focused on N deposition in forested 
areas downwind of large urban centers and anthropological 
sources, with a number looking specifically in Southeast 
Brazil area near the urban centers of Sao Paulo and Rio de 
Janeiro. Mayer et al. (2000) reported a very high DIN flux 
of 32.4 kg N ha–1 yr –1 that was comprised of 74% reduced 
N in a montane tropical forest in the Serra do Mar range 
heavily impacted by emissions from industry and the large 
population center of Sao Paulo. In the surrounding Sao 
Paulo State area, two spatial analyses studies using filter 
measurements and gas samplers (passive or denuder) were 
used at six (different) sites with simple deposition models 
to estimate dry N deposition fluxes (Allen et al., 2011; 
Souza et al., 2020). These studies found dry N deposition 
estimates ranged from 4 to 11 kg N ha–1 yr –1 (Allen et al., 
2011) and 5–19 kg N ha–1 yr –1 (Souza et al., 2020) and  
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were largely due to deposition of gaseous species (>90%) 
and heavily comprised of oxidized N species (from 72% to 
90%). Both studies found increased fluxes spatially related 
to proximity of emissions from surrounding anthropogenic 
activity and hypothesized impacts that the excess anthro­
pogenic N may have on the surrounding forest N levels 
(Allen et al., 2011; Souza et al., 2020). 

In French Guiana, a 15-month analysis of bulk and 
throughfall deposition was conducted in a lowland old-
growth tropical forest (Van Langenhove et al., 2020). Re­
sults found comparable TDN in bulk precipitation and 
throughfall (~10–13 kg N ha–1 yr –1) as other Central and 
South American forests but reported low DIN 
(~2 kg N ha–1 yr– 1) and high DON (~9 kg N ha–1 yr –1)
fluxes. These fractions were hypothesized to be due to the 
relative sparseness of anthropogenic N sources in French 
Guiana region and from long-range organic N transport 
from biomass burning sources in Africa and the Amazon 
(Van Langenhove et al., 2020). 

4. Conclusions and outlook 
Globally, the status of monitoring for N deposition to for­
ests is at very different stages for different regions. This 
ranges from sophisticated regional monitoring networks 
with many sites devoted to the quantification of fluxes 
directly to the forest (Europe), to sparse intensive studies 
with variations in methodologies and limited quality 
assurance protocols (East Asia, North America) to regions 
and continents with no significant N deposition monitoring 
efforts in forests (South Asia, Africa, South America, 
Australia). We conclude that the current state of N depo­
sition monitoring in forests is limited and improvements are 
needed in the amount of monitoring conducted, the accu­
racy and the standardization of the monitoring methods, 
and the accessibility and standardization of the monitoring 
data. An improved connection between forest monitoring 
and deposition model development is also needed to 
improve the utilization of N deposition monitoring data for 
global assessments. The coupling of new technologies 
(e.g., satellite data, measurement model fusion) with cur­
rent methods could be considered to get the most value out 
of monitoring data and existing monitoring sites. 

Regarding the limited amount of N deposition data in 
global forests, the simple solution is to increase the number 
of monitoring sites, but limited resources and funds are an 
obvious impediment. At existing open-field “wet only” 
deposition sites, bulk deposition measurements could be 
added to characterize total deposition or adding passive 
measurements of air concentrations combined with infer­
ential modeling. Passive sampling for important species for 
the N budget, particularly for NH3, HNO3, and NO2, are 
available and would be a low-cost solution to gather 
more information at existing “wet only” sampling sites. 

Furthermore, the addition of these N compounds would 
allow the utilization of existing satellite N observations 
(NO2, NH3) which would give existing sites new value as 
ground-truthing sites for satellite concentration and depo­
sition assessments (Kharol et al., 2018; Shephard et al., 
2020). Coupling the satellite observations of vegetation 
cover with advances in sub-grid land-use categorization in 
CTMs could be a way to develop algorithms to adjust 
available open-field deposition measurements to more 
accurately estimate deposition to nearby forested environ­
ments. The connection of monitoring to model develop­
ment and the incorporation of satellite technology could 
increase the scientific need and potential funding oppor­
tunities for small-scale intensive ecosystem- or vegetation-
specific N deposition studies to improve the specificity of 
modeled N deposition to forests. 

There are limited direct measurements of N deposition 
at forested sites. Improving the model-monitoring connec­
tion and characterizing the N deposition process is a way to 
increase the value of existing monitoring programs and 
historical measurements. Monitoring networks provide 
empirical data to verify deposition models in many studies, 
but there is limited data to verify N deposition and canopy 
scale deposition models. Long-term sites for direct mea­
surement of canopy-scale N fluxes are needed to further 
improve process-level deposition algorithms and to better 
understand data from simpler monitoring methods 
(e.g., throughfall). With deposition patterns changing 
regionally over time (Du et al., 2014a; Li et al., 2016; Xu 
et al., 2015), long-term dry measurements are needed to 
examine process-level interactions between trends in 
deposition, climate variability, and forest ecophysiology 
that feed back to deposition processes. Highly time-
resolved direct deposition data would help to interpret 
and understand low-cost and widely available techniques. 
Examples include better understanding the contribution of 
in-canopy processes to throughfall measurements and 
improvement of methods for comparing throughfall mea­
surements to deposition derived from CTMs. This includes 
a better understanding of in-canopy transformation pro­
cesses of N compounds, e.g., biological nitrification 
(Guerrieri et al., 2015). 

Another application for existing N deposition moni­
toring data is measurement model fusion which combines 
measurements with CTMs and is increasingly being used 
for global deposition assessments, particularly in North 
America (Schwede and Lear, 2014; Schwede et al., 2018). 
Research is needed to explore the feasibility and limitations 
of incorporating throughfall and other N deposition moni­
toring methods into such hybrid modeling approaches. As 
mentioned above, a first step is the development of methods 
to appropriately relate throughfall or biomonitoring mea­
surements to directly measured or model derived canopy-
scale deposition estimates. 
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Regarding the accuracy and standardization of the N 
deposition monitoring methods, the comprehensive manual 
issued by the ICP Forests Program Coordinating Center is a 
good example of a standardized methodology that can help 
establish comparability between results. Networks or pro­
grams that process large numbers of deposition samples 
should consider quantifying uncertainty and bias in the 
methodology of each protocol. This would also improve the 
usability of these large historical data sources for the cali­
bration and validation of CTMs. The Program Coordinating 
Center used in Europe and the long-term NADP record are 
both good examples of creating a centralized and stan­
dardized database or consolidated results from existing 
studies. This effort could provide the basis for generating 
more accurate regional results. This has been exemplified 
by Du et al. (2016) in synthesizing literature reports to 
obtain regional estimates of deposition to China’s forests. 

Lastly, in the interest of developing total N deposition 
budgets for forests, efforts should consider standardizing 
and improving methods for collection of dissolved organic 
N (DON) in wet only, bulk, and throughfall deposition 
samples. Development of DON methods for IER would 
represent a significant advancement in N deposition 
monitoring in forests. 

Disclaimer 
The views expressed are those of the authors and do not necessarily 
represent the views or policies of the U.S. Environmental Protection 
Agency. 
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