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Atmospheric particulate deposition (APD) is not measured in French forests.
APD could be a source of nutrients for forests based on poor soils.
The inﬂuence of forest canopy on APD is poorly known.
Nutrient inputs below canopy were measured in APD and dissolved deposition.
APD is enhanced by the canopy and contributes to the nutrient inputs of forests.
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a b s t r a c t
As wood harvests are expected to increase to satisfy the need for bio-energy in Europe, quantifying atmospheric
nutrient inputs in forest ecosystems is essential for forest management. Current atmospheric measurements only
take into account the b 0.45 μm fraction and dry deposition is generally modeled. The aims of this study were to
quantify atmospheric particulate deposition (APD), the N0.45 μm fraction of atmospheric deposition, below the
canopy, to study the inﬂuence of the canopy on APD, and to determine the inﬂuence of APD below canopy to nutrient input–output budgets with a focus on base cations calcium, magnesium and potassium, and phosphorus.
APD was sampled every four weeks by passive collectors. We divided APD into an organic and a mineral fraction,
respectively POM and MDD. MDD was divided into a soluble and a hardly soluble fraction in hydrogen peroxide,
referred to as S-MDD and H-MDD, respectively.
In order to better understand the inﬂuence of the canopy on APD, we studied APD in three pathways below
the canopy (litterfall, stemﬂow and throughfall), and in open ﬁeld. Our results indicated that APD in throughfall
(123 ± 64 kg ha−1 year−1) was signiﬁcantly higher and synchronic with that in open ﬁeld (33 ± 9 kg ha−1 year−1)
in the two study sites. This concerned both POM and MDD, suggesting a large interception of APD by foliar surfaces, which is rapidly washed off by rain within four weeks. Throughfall H-MDD was the main pathway with an
average of 16 ± 2 kg ha−1 year−1. Stemﬂow and litterfall were neglected. In one study site, canopy intercepted
about 8 kg ha−1 year−1 of S-MDD. Although base cations and phosphorus inputs by APD are lower than those of
b 0.45 μm deposition, they contributed from 5 to 32% to atmospheric deposition and improved the nutrient budget in one of the study sites.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
The European Commission targeted a 20% share of energy from renewable sources (European Convention, 2010). To satisfy this policy,
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wood harvests are expected to increase by about 30% by 2020 as compared to 2010 (European Convention, 2013). Yet European temperate
forests generally grow on acidic and poor-nutrient soils, and fertilizers
are rarely used. While carbon and nitrogen cycles have been abundantly
documented in forest ecosystems, those of other limiting nutrients such
as calcium, magnesium, potassium, and phosphorus still need investigation. Atmospheric deposition is their main external source of these nutrients, backed up with generally lower inputs from soil weathering.
Increasing wood harvests might endanger forest sustainability by
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causing too large nutrient losses. Negative nutrient budgets in European
forests have already been pointed out (Fichter et al., 1998; Ranger and
Turpault, 1999; Merino et al., 2005). In this context, it is essential to
keep wood production sustainable and preserve the nutrient status of
nutrient poor forest soils. This can be done by thoroughly describing nutrient circulation in forest ecosystems and by determining the level of
crop harvesting to meet the wood demand, while still keeping the nutrient budgets balanced (Ranger and Turpault, 1999).
In particular, quantifying atmospheric base cations and P inputs is a
major stake. So far, forest monitoring networks (e.g. RENECOFOR in
France) have quantiﬁed atmospheric deposition by analyzing rainwater
samples after ﬁltration on 0.45 μm porosity membranes (Ulrich et al.,
1998) and modeling dry deposition from throughfall, stemﬂow and
openﬁeld ﬁltrated solutions (Ulrich, 1983). This excludes the N0.45 fraction of atmospheric deposition, named atmospheric particulate deposition (APD). Recently, APD was estimated to enhance base cations and P
budgets in forest ecosystems (Lequy et al., 2012). APD was demonstrated to contribute to the nutrition of Holm oak in Northern Spain (Avila
et al., 1998), and in a tropical forest (Pett-Ridge, 2009). Many studies investigated the interactions between canopy and aerosols containing nitrogen, sulfur, ozone (Lovett, 1994) and base cations (Draaijers et al.,
1997a, 1997b) but the interactions between APD and canopy remain
unclear.
APD comprises particulate organic matter (POM) and mineral dust
deposition (MDD). MDD in Northeastern France is thought to mainly
come from human activities, agriculture and construction works for example, and in a very smaller extent, from large sources of dust, such as
the Saharan desert. APD comprises (i) wet deposition, the scavenging
of atmosphere by precipitation, (ii) dry deposition, physical processes
in the absence of rain, and (iii) fog deposition, the transfer of matter
contained in droplets of fog on a solid surface. According to recent
models and measurements (Mahowald et al., 2005; Lequy et al.,
2013a), mineral dust deposits between 10 and 20 kg ha−1 year−1 in
open ﬁeld in the region of the present study.
Atmospheric inputs strongly depend on the canopy that intercepts
dry and fog depositions. This dry deposition induced by the canopy is
currently taken into account in nutrient budgets by modeling. Dry deposition involves complex processes, especially on foliar surfaces, which
are now better explained by various mechanistic models and measurements (Lovett, 1994; Marques et al., 2001), as reviewed by Petroff et al.
(2008). These models and measurements used wind-tunnels (Reinap
et al., 2009) or artiﬁcial foliages of needles (Dambrine et al., 1998;
Stachurski and Zimka, 2000). They described how leaves of deciduous
trees can trap atmospheric components, although their efﬁciency is
lower than that of needles for N and S (De Schrijver et al., 2007). The
structure and roughness of the forest canopy resulting from the multiple stages of leaves cause turbulences at the forest boundary layer and
increase the particle impaction on the canopy compared to plain surface
(Lovett, 1994; Rodrigo and Avila, 2002; Erisman and Draaijers, 2003).
Canopy was proven to greatly inﬂuence dry deposition in forest ecosystems (Draaijers et al., 1997b; Berger and Glatzel, 1998; De Schrijver
et al., 2007). Analyzing nutrient inputs and calculating nutrient budgets
in forest ecosystems are hampered by the internal recycling of nutrients,
especially by canopy exchange. Canopy exchange comprises the absorption and release of nutrients by the leaves. It disturbs the analyses of the
dry deposition induced by canopy and is obviated by Na-based modeling. Na was chosen because it is considered as not affected by canopy
exchange (Ulrich, 1983).
In this study, we hypothesized that canopy also enhances APD, and
we assumed three pathways of APD below canopy: in throughfall, in
stemﬂow, and by litterfall, as particles may remain trapped on the
leaves (Fig. 1).
This study aims at (i) quantifying the 3 pathways of APD below the
canopy, (ii) studying the inﬂuence of the canopy on APD, and (iii) determining the inﬂuence of APD below canopy to nutrient input–output
budgets.
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For that purpose, APD was measured in open ﬁeld and below the
canopy by typical collectors used in forest monitoring studies and networks in two beech stands on slightly acidic soils of Northeastern
France. The deposition rates of APD and its organo-mineral distribution
were analyzed and compared in open ﬁeld and below canopy so as to
evaluate the canopy interception of APD. The inputs of APD and their
impacts on biogeochemical cycles of temperate forest ecosystems
were compared with those of b0.45 μm deposition.
2. Experimental section
2.1. Study sites
Two beech stands were chosen in Northeastern France in the BreuilChenue and Montiers-sur-Saulx sites. The soils of the Breuil-Chenue and
Montiers-sur-Saulx sites are both alocrisols, respectively acidic and
slightly acidic, developed on granite and Cretaceous acid detrital sediments (Table 1).
2.2. Conceptual models of the organo-mineral distribution in APD
In this study, APD in open ﬁeld is considered as ruled by vertical
ﬂuxes in the absence of obstacles for horizontal ﬂuxes. Below the canopy, the N 0.45 μm particles transported by lateral winds may be
intercepted by the canopy (Fig. 1).
According to the following conceptual model, APD is divided into an
organic and a mineral fraction, referred to as POM and MDD, respectively. MDD is composed of easily soluble minerals such as carbonates, and
of hardly soluble minerals such as silicates (Lequy et al., 2013a, 2014):
APDo ¼ POMo þ MDDo ¼ POMo þ S−MDDo þ H−MDDo

ð1Þ

where POMo is the particulate organic matter and MDDo is the mineral
dust deposition in open ﬁeld, S-MDDo is the soluble part of MDDo and
H-MDDo is the hardly soluble part of MDDo.
APD below the canopy, APDbc, is made of APD in throughfall (APDt),
stemﬂow (APDsf) and litterfall (APDlf). Eq. (1) is completed by hypothetically supplementary MDD and POM from the interception of the
canopy and the litterfall:
APDbc ¼ APDt þ APDsf þ APDlf ¼ APDo þ APDc−FOM

ð2Þ

and
APDc ¼ POMc þ MDDc ¼ POMc þ S−MDDc þ H−MDDc

ð3Þ

where MDDc is the intercepted MDD by the canopy, with a soluble and
an insoluble parts, respectively S-MDDc and H-MDDc, POMc is the
intercepted POM by the canopy, and FOM is made of internal recycling
of matter from the tree tissues and must be subtracted. Similarly,
APDsf = POMsf + MDDsf with a soluble and an insoluble fractions.
2.3. Sampling and preparation of the samples
2.3.1. Sampling
Particulate deposition was sampled in open ﬁeld, in throughfall,
stemﬂow, fresh leaves and litterfall during the April 2010–March 2012
period. In the two sites, a plot of 19 × 19 m was identiﬁed in the forest,
in which tree diameters at breast height were inventoried and divided
into 5 classes. One tree was chosen in each ﬁve classes of diameters at
breast height to be equipped with the throughfall and stemﬂow samplers.
The collectors are similar in open ﬁeld and throughfall. A collecting
surface is connected to a 20 L collection polyethylene bottle with a
nylon sieve to limit coarse pollution of insects, twigs and leaves. Open
ﬁeld collecting surfaces were polyethylene funnels of 0.22 m2 with a
rim to prevent projection of APD out of the collector. Throughfall
collecting surfaces were polyethylene gutters, as those used in other
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Fig. 1. Fluxes involved in atmospheric dissolved deposition (AD, b0.45 μm) as classically measured and modeled in forest monitoring networks and in this study (Ulrich, 1983; Ulrich et al.,
1998), and atmospheric particulate deposition (APD, N0.45 μm) in forest ecosystems speciﬁcally measured in this study. BD, DD, and SF are bulk deposition, dry deposition, and stemﬂow,
respectively. MDD, POM, and FOM are the mineral dust deposition, the particulate organic matter of exogenous sources, and the forested organic matter, respectively. The letters bc, o, c, t,
sf and lf refer to below canopy, open ﬁeld, canopy, throughfall, stemﬂow and litterfall.

forest measurement networks to integrate the variation of foliar density
of the canopy because they are placed radially under the canopy.
Stemﬂow was sampled by a collar of polyurethane foam coated with
silicon and directly stuck on the trunk that conveys stemﬂow by silicon
tubing to a 120 L polyethylene container.
Sampling in open ﬁeld and throughfall followed the same protocol
and was described in Lequy et al. (2014). Brieﬂy, the 20 L bottles were
siphoned and the collecting surfaces were cleaned with deionized
water and brought back to lab. Stemﬂow containers were equipped of
a tap to empty the upper 115 L and the last 5 L were then transferred
to the lab after cleaning the 120 L containers.
As the sample preparation was time-demanding, we decided not to
treat all the samples individually. In order to study the variations between the collectors, we treated individually the samples from the
Montiers-sur-Saulx site, and we pooled the samples from the BreuilChenue site, every 4-week periods during all the study period
(Table 2). The Montiers-sur-Saulx samples were also pooled during
the December 2010–March 2011 and December 2011–March 2012 periods, during which H-MDD was low.
Fresh leaves were gunshot in July 2010 in the Montiers-sur-Saulx
site. They were sampled by dry weather to prevent the leaves from a
rain-induced wash off.
In the two sites, litterfall was sampled by 5 litter bags with a surface of 1 m2. They consisted of an open cube of plastic canvas hold
40 cm above the ground by metal stakes.

2.3.2. Sample preparation
The inﬂuence of the canopy on APD was analyzed below the canopy
in the organic and mineral fractions of APD, according to Eqs. (1) and
(2). For this purpose, the samples were prepared with two protocols
(Table 2). Thus the samples were divided into 2 sub-samples (Lequy
et al., 2014). The “APD” protocol was designed to measure and analyze
POM and MDD. The “H-MDD” protocol was designed to separate and
study H-MDD, which is a quite constant composition set of hardly soluble crystallized minerals (Lequy et al., 2013a). In the end, the samples
were compared (i) between sites in open ﬁeld and (ii) between open
ﬁeld and below canopy for both sites.
The two protocols started identically by siphoning the samples in
ﬁeld and bringing them back in laboratory. Then the collecting bottles
were divided into two sub-samples. They were cleaned with deionized
water in centrifugation ﬂasks. Then, the samples were centrifuged at
3500 RPM, transferred in borosilicate beakers after the supernatant
was siphoned. The “APD” samples were then oven-dried at 35 °C,
weighed and analyzed. The “H-MDD” samples were placed on heating
plates at 35 °C with an addition of 8.10− 5 mol H2O2 three times a
week until removal of POM. Then the samples were centrifuged at
3500 RPM, the supernatant was removed and the H-MDD samples
were oven-dried at 35 °C and weighed. The yield of this protocol was
of 69 ± 5%. The APD protocol was applied between September 2011
and March 2012, and the H-MDD protocol was applied between April
2010 and March 2012.

Table 1
Main characteristics of the Breuil-Chenue and Montiers-sur-Saulx sites.
Site

Breuil-Chenue
Montiers-sur-Saulx

Type of forest

Soil and bedrock

Dominant species

Age in 2011 (years)

Type

pH

Bedrock

Fagus sylvatica L.
Fagus sylvatica L.

35
50

Alocrisol
Alocrisol

3.9
5.1

Granite
Acid detritic sediments
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Table 2
Organization of the samplers in the Breuil-Chenue and Montiers-sur-Saulx sites. The pathways are open ﬁeld, throughfall and stemﬂow.
Montiers-sur-Saulx
Study periods

H-MDD
Pooled samples

APD
Fresh leaves
Litterfall
Nutrients in
S-MDD + POM
Dissolved
deposition
Number of collectors by pathway Openﬁeld
Throughfall
Stemﬂow
Number of samples
H-MDD
APD

Breuil-Chenue

April 2010–March 2012, sampled every four weeks
4-week periods during December 2010–March 2011 and December 2011–March 2012, 4-week periods, by pathway
by pathway
September 2011–March 2012, sampled every four weeks, pooled by month and pathway
July 2010
No sampling
After leaf fall
April 2011–March 2012
January 2011–December 2011, every four weeks
4 (2 APD + 2 H-MDD)
5 (2 APD + 3 H-MDD)
5 (2 APD + 3 H-MDD)
One sample by collector and 4-week period (except during December 2010–March 2011 One sample by pathway and by
and December 2011–March 2012)
4-week period
One sample by pathway and by 4-week period

2.4. Analysis
2.4.1. Quantifying the C&N contents in APD
The samples were then analyzed for their contents in C and N with a
CHN «Thermo Quest» Type NCS 2500 (measurement uncertainty less
than 5%).
2.4.2. Quantifying chemical contents in MDD
Samples of H-MDD were analyzed by ICP-MS after alkaline fusion in
LiBO2 and in HNO3 at the SARM laboratory (CNRS, Vandoeuvre-lèsNancy, France). The solution of POM removal was analyzed by ICPAES. The elements analyzed were Ca, K, Mg, Na and P. Details are available in Lequy et al. (2014).
2.4.3. Analyses of fresh beech leaves and litterfall
Gunshot fresh leaves and litterfall leaves were directly observed by
SEM-EDS. Litterfall leaves were washed out with ultrasounds in deionized water. The result was mounted on a glass for X-ray diffraction
(XRD) analyses. XRD analyses were performed using a Siemens D5000
diffractometer, equipped with a graphite monochromator and a Cu
tube (Cu-Kα radiation). The samples were analyzed within the 1.5 to
70°2-theta range with the following set up: a 0.01°2-theta step, a
counting time of 3 s per step and a power of 40 kV and 30 mA.
Diffractograms were recorded using a DACO-MP recorder associated
with a computer using Diffrac AT software (Socabim, Champs-Sur
Marne, France). Minerals were identiﬁed using their ASTM ﬁles included in the software.
2.5. Calculations of deposition rates
To integrate the differences of surface between open ﬁeld and
throughfall collectors, all the results were normalized to 1 m2.
2.5.1. Calculations of the fraction POM
POM was calculated from the C content of the samples according to
the soil sciences formula Organic matter % = 1.72 × organic carbon %
(Pribyl, 2010). This factor may overestimate POM because total C comprised not only OM but also elemental C.
As the nature of POMo and POMt differ, using total C as a proxy for
POM may bias the results (Lequy et al., 2014).
2.5.2. Calculations in open ﬁeld and in throughfall
To compare APD in open ﬁeld and in throughfall, the rates of APD
and of H-MDD were calculated on different time scales: (i) annual
scale (April 2010–March 2011 and April 2011–March 2012) and
(ii) four-week sampling periodic scale (Rc).

Annual rates in g m−2 year−1 were calculated as the total weight of
the samples of the one-year period normalized to 1 m2.
Continuous rates in a four-week sampling period i, Rci, in g m−2 day−1,
were calculated for each site between two consecutive dates of sampling according to Eq. (3).
Rci ¼

Wi
RR  Si  Di

ð4Þ

where Wi is the weight of the sample during the period of sampling, in
grams, Si is the collecting surface in square meters, RR is the recovery
rate of the protocol (72% and 69% for APD and H-MDD, respectively)
and Di is the sampling duration in days.
2.5.3. Calculations in stemﬂow
The stemﬂow samples were collected directly on trunks. To normalize the APD and H-MDD stemﬂow to 1 m2, the mass of the samples was converted to a deposition rate according to the following
formulas.
For each sampling period, the quantity of the stemﬂow sample is
converted to a rate expressed in mass per surface as follows:
0

Msfj ¼ T  ð1=SÞ  ð1=RRÞ  M sfj

ð5Þ

where Msfj is the quantity of particles during one period on 1 m 2
(in g m− 2), T is the proportionality coefﬁcient taken into account the
number of trees on the plot (7.2 and 9.2 in B and M, respectively, as
there were 5 trees equipped on the 36 and 46 trees for the 19 × 19 m
plots, respectively), S is the plot surface (361 m2), RR is the recovery
rate of the protocol (0.69) and M'sfj is the quantity of particles during
one period for the ﬁve equipped trees (in grams).
2.5.4. Calculations of dry deposition in b 0.45 μm
Atmospheric dry deposition of Ca, Mg, K and P was estimated following the method of Ulrich (1983). This Na-based method assumes no interaction of Na in the canopy so that dry deposition of Na is deﬁned as
the difference between throughfall plus stemﬂow and open ﬁeld deposition. The dry deposition of cation x (Ca2+, K+ and Mg2+) was calculated as follows:
DDx ¼ BDx 

TFNa þ SFNa −BDNa
BDNa

ð6Þ

where DDx and BDx are the dry deposition and bulk deposition of element x, respectively, and TFNa, SFNa and BDNa are the throughfall,
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stemﬂow and bulk deposition of Na, respectively. Atmospheric dissolved deposition (AD) is calculated as follows:
AD ¼ BD þ DD:

ð7Þ

The dry deposition of P was calculated as the difference between the
throughfall plus stemﬂow deposition and the bulk deposition.
2.6. Statistics
2.6.1. Comparing the two types of samplers
To compare the results obtained by funnels in open ﬁeld and gutters
in throughfall, 4 gutters were set up from June to November 2011 next
to the funnels in open ﬁeld. The samples were treated with the “HMDD” protocol. The winter values, where the leaves are fallen from
the beech trees, were added to this comparison. On average, gutters
sampled 1.3 ± 0.2 times as much as the funnels for the same sampling
periods.
APDt and the H-MDDt values are corrected by the factor 1.3 in the
rest of the paper.
2.6.2. Analysis of the inﬂuence of the canopy on H-MDD and MDD
Linear regressions were performed for the H-MDD and MDD between the samples in open ﬁeld and in throughfall.
3. Results and discussion
3.1. Quantiﬁcation of APD below the canopy
3.1.1. Within the canopy and by litterfall
Fresh beech leaves observed by SEM-EDS revealed particles on the
foliar surface, preferentially near the hair-like trichomes of the leave
(Fig. 2d). These particles were mainly made of Si and Al (Fig. 2a), with
even diatom skulls (white-circled on Fig. 2b), such as those observed
in H-MDD in open ﬁeld (Lequy et al., 2013a). Some particles were also
rich in Ca (Fig. 2c).
These coarse minerals on the surface of fresh beech leaves conﬁrm
the ability of the canopy to intercept atmospheric mineral particles.
SEM observation of dead beech leaves in litterfall (Fig. 3) revealed
some scarce minerals on their surface, covering less than 1% of the foliar
surface (quantiﬁed after one SEM image). This particle covering seemed

Fig. 3. SEM-EDS observation of the surface of a dead beech leaf collected in a litterbag. Mineral particles are white circled.

lower than that observed on fresh beech leaves, suggesting that a large
part of the particles observed on fresh leaves were leached from their
surface by rainfall when they are on the tree or on the ground. This is
congruent with the results of Stoorvogel et al. (1997) in Ivory Coast,
who had observed a rapid scavenging of the particles from the leaves
in the rain.
The diffractogram of litterfall particles revealed, beyond the organic
background, the presence of silicates such as quartz, phyllosilicates and
feldspars (Fig. 4). This conﬁrms that the washing off by rain is incomplete and that litterfall constitutes an input of H-MDD for the ecosystem.
However, in the absence of any efﬁcient method to extract the mineral
particles from the foliar surface, the APD rate by litterfall could not be
determined. We assumed that APDlf was negligible as most of the particles are very likely washed off by rain in the throughfall. Eq. (1) is thus
rewritten: APDbc = APDt + APDsf.

3.1.2. In stemﬂow
H-MDDsf was of 0.3 and 0.2 kg ha−1 year−1 in 2010 and 2011, respectively. This deposition represented about 3% of H-MDD in

Fig. 2. SEM-EDS photographs of mineral particles observed on fresh beech leaves, dominated by Si (a and b), with a high content of Ca (c), and global view of the edge of a beech leave (d).
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Fig. 4. Diffractogram of the compounds collected on the surface of dead beech leaves in the litterfall of autumn 2010 at the Montiers-sur-Saulx site.

throughfall. H-MDDsf and, by extension, MDDsf were not investigated
further, due to a lack of matter for the chemical analysis.
3.1.3. In throughfall
The H-MDD rates in throughfall were similar in the two sites and the
two sampling periods with an average of 16 ± 2 kg ha−1 year−1, which
is very similar to the H-MDD rates in open ﬁeld, 15 ± 3 kg ha−1 year−1
on average during the same period (Table 3). This is 500 times as high as
H-MDDsf. The latter was thus considered as negligible and throughfall
was considered as the main pathway of H-MDD below the canopy.
The next sections of this paper will focus on APD in throughfall.
In the two sites, the seasonal variations of the average H-MDD rates
were quite similar in the 4 collectors in open ﬁeld and in the 5 collectors
in throughfall in 2010 (Fig. 5), with minimum and maximum values in
winter, and in spring and summer, respectively. The H-MDD rates
were very synchronic in the two sites and did not show any delay
with those in open ﬁeld. This conﬁrms that particles are washed off of

Table 3
H-MDD rates below canopy in litterfall, stemﬂow and throughfall and in open ﬁeld in the
Breuil-Chenue and Montiers-sur-Saulx sites (kg ha−1 an−1) during April 2010–March
2011 (*) and April 2011–March 2012 (**) sampling periods. NA stands for not available.
August and September 2011 were not taken into account due to construction works in
the Montiers-sur-Saulx site (+).
Breuil-Chenue

Litterfall
Stemﬂow
Throughfall
Openﬁeld

Montiers-sur-Saulx

2010*

2011**

2010*

2011**,+

–
0.3
17.3
18.4

–
0.3
16.2
12.8

0.1
0.3
17.6
16.2

–
0.2
12.7
11.0

the leaves probably within the four-week sampling period and then enrich the H-MDDt. The variability was very high between the samples at
the Montiers-sur-Saulx site. As the recovery rate of our protocol was
very stable (69 ± 3%), possible explanations would be (i) a heterogeneous particle load of the air during the deposition, (ii) a different deposition of high density particles such as silicates and of lower density such
as carbonates between the collectors, or (iii) the variation of the canopy
for H-MDDt.
3.2. Interception of APD by the canopy
3.2.1. Comparing APD in open ﬁeld and in throughfall
POMt was 4.3 and 6.2 times higher than POMo at the Breuil-Chenue
and Montiers-sur-Saulx sites, respectively (Fig. 6). The inﬂuence of the
canopy on POMt could not be analyzed further. Indeed POMt is made
of three organic sources as POMt = POMo + POMc + FOMc. It was not
possible to distinguish POMo + POMc, that is to say external inputs to
the forest ecosystems, from FOMc, the internal inputs to the forest ecosystem resulting from the interaction of rainfall with twigs and leaves
and bringing micro-debris of vegetal tissues in the samples. The C:N ratios in throughfall ranged more widely than those in open ﬁeld. They
reached 27 in throughfall, indicating a contribution of foliar matter as
C:N ratios range between 16 and 24 in fresh leaves.
MDDt is 1.7 and 2.6 times higher than in open ﬁeld at the B and M
sites, respectively, suggesting that more MDD was sampled in
throughfall during this sampling period.
3.2.2. Comparing H-MDD and S-MDD + POM in open ﬁeld and in
throughfall
This section will focus on H-MDD. Indeed, our dataset for H-MDD
sampling is longer than that of APD, which makes possible longer-
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Fig. 5. Average H-MDD rates for 4 collectors in open ﬁeld (light gray) and for 5 collectors of throughfall in Breuil-Chenue and Montiers-sur-Saulx between April 2010 and March 2012. The
bars stand for the standard deviation. All values are in mg m−2 day−1.

term comparisons of these two depositions. Besides, H-MDD is the
major fraction of MDD as it contributes to 80% of MDD in Northeastern
French forests (Lequy et al., 2012).
MDD and H-MDD during the four-week sampling in open ﬁeld
and in throughfall were compared in the Montiers-sur-Saulx site
(Fig. 7). H-MDD in open ﬁeld and throughfall had a linear relationship, H-MDD being slightly higher (about 10%) in throughfall than
in open ﬁeld. MDD in throughfall and in open ﬁeld had an afﬁne relationship, with a similar slope as that of H-MDD, and a signiﬁcant intercept at 6.6 mg m− 2 day− 1 , i.e. about 15% of the maximal MDD
value in throughfall.
However, these results were not statistically signiﬁcant and highlight
the need for further sampling and analysis. This trend yet suggests an interception of MDD by the canopy. Since H-MDD seems to be less inﬂuenced by the canopy than the whole MDD, and as MDD = H-MDD +
S-MDD, this suggests that the canopy would rather intercept S-MDD
(S-MDDc).
If the canopy constantly intercepted 6.6 mg m−2 day−1 during the
7-month lifetime of canopy every year, this would have provided an additional ﬂux of about 8 kg ha−1 year−1 of S-MDD in the Montiers-surSaulx site.

3.3. Atmospheric nutrient inputs and inﬂuence of APD on the
biogeochemical cycles
3.3.1. Atmospheric inputs
The APDt inputs in the Montiers-sur-Saulx site were 0.8, 1.1, 0.3 and
0.5 kg ha− 1 year− 1 of Ca, K, Mg and P, respectively, and lower than
0.5 kg ha−1 year−1 for each nutrient in the Breuil-Chenue site (Fig. 8).
In the two sites, nutrient depositions are enhanced in APDt compared
to APDo, except for Mg and P in the Breuil-Chenue site (Fig. 8). Ca and
K contents notably increased in the APD throughfall of the two sites.
Their increased content below the canopy can be due to S-MDDc and
to FOM, as beech leaves are relatively rich in Ca and K.
Such inputs are similar to those forecasted by the review of Lequy
et al. (2012) for MDD in open ﬁeld in the same area, which estimated
a deposition of at least 0.7, 0.4, 0.4 and 0.3 kg ha−1 year− 1 of Ca, K,
Mg and P, respectively. The values calculated in open ﬁeld in the review
were probably overestimated, especially those of Ca and Mg, as their atmospheric dissolution in the rain and the collector had not been taken
into account in the review (Lequy et al., 2013b). However, the contribution of internal recycling of matter in the ecosystem, FOM, could not be
distinguished from that of MDD in our samples.

Fig. 6. APD budgets in Breuil-Chenue and Montiers-sur-Saulx in open ﬁeld and in throughfall between September 2011 and March 2012 (in mg m−2) and its repartition between POM and
MDD. *: containing FOM in throughfall.
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Fig. 7. Daily deposition rates of MDD and H-MDD in throughfall compared to those in open
ﬁeld (mg m−2 day−1) at the Montiers-sur-Saulx site.

Results were site- and nutrient-dependent for APDt. Relatively to
APDo, the canopy of the Breuil-Chenue site induced an increase of less
than 10% of Mg and P and of ca. 50% of particulate Ca and K. The canopy
of the Montiers-sur-Saulx site induced an increase of about 25%, 60%,
75% and 90% of particulate Mg, P, K and Ca, respectively. So, in both
sites, Mg was the less inﬂuenced by canopy, while Ca and K were the
most. This indicates a very likely biological contribution (FOM), as
base cations abound in the vegetal material (leaves, pollen).
The differences of atmospheric particulate inputs in the two sites
may be due to two facts. Firstly, APDo is higher in the Montiers-surSaulx site than in the Breuil-Chenue site, leading to a generally higher
deposition of nutrients. Indeed, the total atmospheric inputs in the
Montiers-sur-Saulx site are from 2 to 7 times higher than those in the
Breuil-Chenue site. Secondly, the forest of the Breuil-Chenue site is
15 years younger than that of the Montiers-sur-Saulx site and their
management differs. This may cause differences in the canopy structure
and explain the differences of the inﬂuence of canopy between the two
sites.
Large uncertainties remain on the APDt values of this study. By taking into account FOM, which is an internal recycling, we overestimated
the nutrient inputs below the canopy. The latter are thus probably between those in APDo and in APDt. The nutrient budgets of this section
also lack of consistency with the previous section. Indeed, S-MDD in
throughfall was calculated to bring 8 kg ha−1 year−1 in the Montierssur-Saulx site. But, by adding the base cations and P contained in the
S-MDD + POM fraction in throughfall, this fraction only brings about
2 kg ha−1 year−1. This indicates that either we underestimate the fraction S-MDD + POM dissolved in H2O2, or our S-MDD calculations via the
total APD are overestimated. This inconsistency also may involve particulate nitrogen and sulfur that were not analyzed in the present study.
The material used in this study may also lead to underestimation of
APD, which could rebound on the reception surface for example. Further
investigations are needed on this point.
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3.3.2. Comparisons between APD, dissolved deposition and soil weathering
ﬂux
Soil weathering was only available for the Breuil-Chenue site (van
der Heijden et al., 2013) from the mineralogical data of Mareschal
et al. (2012). In the Breuil-Chenue site, the inputs of Ca, K and Mg
from APDt reached 10, 40 and 40% of those from bulk deposition, respectively, and 100, 20 and 30% of soil weathering, respectively
(Fig. 9). APDbc brought three times as much P as bulk deposition. In
the Montiers-sur-Saulx site, the inputs of Ca, K, Mg, and P from APDbc
represented about 20, 50, 40 and 60% of those of bulk deposition,
respectively.
APDbc provided between 15 and 22% of total atmospheric inputs of
Mg and K in both sites, and up to 32% of P in the Breuil-Chenue site.
APDbc contributed to a lesser extent on Ca deposition, with 5% and 9%
in Breuil-Chenue and Montiers-sur-Saulx, respectively. In the two
sites, dry deposition brought at least two times larger inputs of base cations and P than APDbc, and ﬁve times and two times larger inputs of P
than bulk deposition in the Breuil-Chenue site and the Montiers-surSaulx site, respectively. This highlights the importance of dry deposition, as calculated with the method of Ulrich (1983), in the nutrient inputs of forest ecosystems. However, some well-known problems
concerning this calculated dry deposition are illustrated in the present
study. Dry deposition is calculated from bulk deposition, which contains
both wet and dry depositions in open ﬁeld. Studies carried out with
wet-only samples put forward strong differences with bulk deposition
(Balestrini et al., 2007; Staelens et al., 2008), and some inaccuracies between the aerodynamic properties of Na-containing aerosols and those
for which dry deposition is modeled (Staelens et al., 2008). There is still
room for improvement of the canopy budget model, for example (1) in
the use of bulk- or wet-only deposition to determine the dry deposition
factor, and (2) in the time scale of the model, which should be seasonal
and not only annual, so as to analyze the successive phenological periods (Staelens et al., 2008).
For these reasons, even if APDbc was generally lower than the inputs
of dissolved deposition (AD) and soil weathering (SW), it cannot be
neglected in the two sites. This is especially the case for Ca and P in
the Breuil-Chenue site, which represented more than 100% of SW and
300% of AD, respectively. The data about phosphorus is also important,
as it may not always be measured in all the studies.
To illustrate the possible inﬂuence of APDbc on the nutrition of forest
ecosystems based on poor soils, APDbc was ﬁnally added to the average
input–output budget computed over the 2003–2008 period in the
Breuil-Chenue site (van der Heijden et al., 2013) (Table 4). The latter
moved towards neutrality of 7%, 20%, 7%, and 10% for Ca, K, Mg, and P,
respectively. This forest would still be nutrient deﬁcient according to
this budget. However this budget still presents some uncertainties.
First of all, the values of APDt for each nutrient are those of the year
2011. We do not know to what extent the values vary over the years.
Then, the weathering ﬂux used for the Breuil-Chenue site is an estimation (van der Heijden et al., 2013) and soil weathering is very difﬁcult to

Fig. 8. Annual particulate nutrient inputs in open ﬁeld (APDo) and intercepted by the canopy (APDc). Their sum is atmospheric particulate deposition below the canopy (APDbc).
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Fig. 9. Atmospheric inputs in the Breuil-Chenue and Montiers-sur-Saulx sampling sites. BD is the dissolved deposition sampled in open ﬁeld, DD is the dry deposition below canopy
calculated according to Ulrich (1983), and APDbc is the atmospheric particulate below the canopy, which still contains the FOM fraction. The percentages are the contribution of
APDbc + FOM to atmospheric deposition.

obtain (Klaminder et al., 2011). Finally, dry deposition, as discussed here
above, still contains large methodological uncertainties. This budget
should be updated in the future with more accurate values.
4. Conclusions
The interest of taking into account APD in nutrient input–output
budgets was studied in two beech forests in the North East of France.
Fresh and dead leaves revealed that APD was partly trapped on the
surface of leaves within the canopy. It seemed mostly removed from
the surface of dead leaves sampled in the litterfall. No delay was noticed
between the APD in open ﬁeld and in throughfall, suggesting that the
particles were probably washed off in the next rains to enrich APD in
throughfall. Stemﬂow H-MDD reached 0.3 kg ha−1 year− 1, i.e. less
than 3% of throughfall H-MDD. Thus, APD in litterfall and stemﬂow
was neglected below the canopy.
Throughfall is the main contributor of APD below the canopy, as it
brought more than 20 kg ha−1 year−1 of H-MDD. We highlighted that
the canopy induced a supplementary POM and MDD fraction to the
APD in throughfall. We showed an increase of MDD below the canopy
in the mass budget. The additional mineral deposition was mostly SMDD, which was estimated up to 8 kg ha− 1 year−1. However, we
could not clearly separate the organic and mineral origins of base cations and P in APDbc. The external nutrient inputs by APD into forests
are probably intermediate between those in open ﬁeld and those in
throughfall.
The enhancement of POM may be due to (1) the increase of the deposition and interception of POM in the canopy and (2) a high fraction of
FOM. These two organic compartments are currently not distinguishable.
In forest ecosystems developed on nutrient-poor soils and thriving
on small external nutrient inputs, atmospheric particulate deposition
is not negligible compared to those of dissolved deposition usually
used to assess nutrient budgets. Indeed, it contributed to the total atmospheric input between 5 and 9%, 18 and 19%, 15 and 22%, and 17 and
32%, for Ca, K, Mg and P in the two sites, respectively. This slightly enhanced the nutrient budgets of the Breuil-Chenue site.
As these results came from a one-year study, there is clearly a need
for a longer monitoring to clarify the effect of canopy on the nutrient inputs below the canopy and their organic or mineral origin.
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