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Abstract

Current knowledge about the spatial variation of atmospheric ni-

trogen deposition on a local scale is limited, especially for vegeta-

tion with a low canopy. We measured nitrogen deposition on ar-

tificial vegetation at variable distances of local nitrogen emitting

sources in three nature reserves in the Netherlands, differing in

the intensity of agricultural practices in the surroundings. In the

nature reserve located in the most intensive agricultural region

nitrogen deposition decreased with increasing distance to the

local farms, until at a distance of 1500 m from the local nitrogen

emitting sources the background level of 15 kg N ha-1 yr-1 was

reached. No such trend was observed in the other two reserves.

Interception was considerably lower than in woodlands and

hence affected areas were larger. The results are discussed in rela-

tion to the prospects for the conservation or restoration of en-

dangered vegetation types of nutrient-poor soil conditions.



Introduction

The productivity of most of the typical plant communities on nutrient poor soils is

limited by nitrogen (Chapin 1980; Ellenberg 1985) and a low nitrogen supply is es-

sential for their conservation. Also the prospects to restore such communities by

haymaking or top soil removal of former agricultural fields depend on the degree

of nitrogen reduction that can be reached (Aerts et al. 1995; Pegtel et al. 1996;

Klooker et al. 1999). Eutrophication by atmospheric N-deposition is, therefore,

one of the main threats for the conservation or restoration of such communities,

especially in densely populated areas such as the Netherlands (Heij & Erisman

1997).

Atmospheric nitrogen deposition in the Netherlands is currently on average 35

kg N ha-1 yr-1 (RIVM 2001). About 80 % originates from the emission of ammonia

and 20 % from nitrogen oxides. Nitrogen oxide compounds are mainly transport-

ed over large distances whereas ammonia is deposited relatively close to the source

(Asman et al. 1989; Heij and Schneider 1991). Nitrogen compounds in the atmos-

phere return to the surface as wet (incorporated into rain, hail or snow) or dry (di-

rectly from the atmosphere) deposition. The amount of dry deposition depends on

the roughness of the surface whereas wet deposition is rather independent of sur-

face structure. This implies that the height, density and uniformity of the vegetation

affect only the amount of dry deposition (Heij and Schneider 1991; Hosker and

Lindberg 1982). Dry deposition can show high spatial variability, caused by irregu-

larly distributed ammonia sources or heterogeneous landscape structures with sev-

eral different plant communities close to one another, each with its own structure

(Asman et al. 1989; Sutton et al. 1998).

Most knowledge about the spatial distribution of nitrogen deposition results

from modelling studies. These show that nitrogen deposition is positively related to

agricultural intensity (Erisman et al. 1996; Erisman et al. 1998; Bleeker & Erisman

1998; Dragosits et al. 2002) and decreases with increasing distance from the source

(Asman 1998; Pitcairn et al. 1998; Sutton et al. 1998). The size of the receptor

area is positively related to the strength of the emitting source (Asman et al.1989;

Sutton et al. 1998; Dragosits et al. 2002). 

Valuable as such models may be for large-scale modelling, their use at a local

scale is severely hampered by high uncertainties in the parameterisation (Erisman

& Van der Eerden 1999). Unfortunately, there are only few direct measurements of

the spatial variation in atmospheric nitrogen deposition at a local scale and these

are mainly restricted to one landscape type, namely forests. Here nitrogen deposi-

tion decreases with increasing distance to the edge of the stand, due to inblow ef-

fects, increased turbulence at the edge and longer distances to ammonia sources

(Ivens1990; Draaijers 1993; Erisman et al., 1999), but also tree density plays an

important role (Draaijers 1993).
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It is generally assumed that the interception of dry deposition (nitrogen deposi-

tion due to roughness of the vegetation surface) is much smaller in vegetation with

a low canopy than in woodland (Hosker & Lindberg 1982). Modelling by Asman

(1998) suggests that the dry deposition of ammonia on short vegetation is smaller

and decreases more gradually with increasing distance from the source than in a

forest because of higher wind speeds and less turbulence. These two effects might,

when combined, result in less pronounced spatial variation in nitrogen deposition

in low canopy vegetation as compared to forests. Heil et al. (1988), on the other

hand, found that interception by low canopy vegetation can reach levels of up to

80% of total deposition.

Summarizing, there is a lack of detailed knowledge on the spatial distribution of

local scale nitrogen deposition for vegetation with a low canopy and as far as data

are available, they are contradictory. However, such knowledge is urgently needed

for setting conservation goals, taking management decisions and designing new na-

ture reserves. To fill this knowledge gap we measured nitrogen deposition on vege-

tation with a low canopy at increasing distance from local sources. The measure-

ments were carried out in three nature reserves with different spatial settings. We

hypothesize that the amount of nitrogen deposition 1) is highest in the site with the

most intensive agricultural activities in the surroundings and 2) decreases with in-

creasing distance from the local nitrogen emitting sources, whereas 3) the size of

the area influenced depends on the strength of the local source. We hypothesize

also 4) that interception of low vegetation is lower than in woodlands and 5) the

area influenced is larger.

Study sites

The study was carried out in three nature reserves in the northern part of the

Netherlands (figure 3.1). These sites differ in intensity and type of agricultural

practices in the surroundings. Agricultural activities in the direct surroundings of

site Aekingerbroek (AB; 52º56’N, 6º’19’E) are restricted to a small area of a few

square km's south of the site. Here is one chicken farm (60.000 chickens) located.

Land use mainly consists of pastures grazed by horses of hobby-farmers. Further

south large areas are covered with heathland and woodland. To the north, east and

west the site is completely surrounded by woodland, heathland and inland sand

dunes.

Site Dellebuursterheide (DB; 53º58’N, 6º09’E) is located in an intensive dairy

cattle-stocking region of several tens of square km's. The farms are mainly clustered

southwest of the study site. Within a distance of 2 km from this site more than ten

dairy farms are present, ranging in size from 35 to over 150 cows. The nearest

farms are located at a distance of about 500 m from the nature reserve. The study
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site is separated from the intensively exploited pastures by a narrow tree belt in all

directions, except west.

Site Eemboerveld (EV; 53º05’N, 7º07’E) is located in an agricultural region of

several tens of square km's with mainly arable land. Potato and sugar beet fields

surround the site completely, except in the northern direction where there is a

small woodland. Farms are located far from the site, at a distance of over 1 km to

the north and northeast, i.e. downwind of the site with respect to the prevailing

wind direction.
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Figure 3.1. Location of the study areas within the Netherlands. Abbreviations for the study
areas are as follows: AB indicates Aekingerbroek, DB Dellebuursterheide, and EV Eemboerveld.
Further information on the study areas is indicated in the text.



We established a sampling transect along the prevailing wind direction (south-

west to north-east) at all sites. This transect consisted of five sampling stations at

site AB and four at the sites EV and DB. The distance between sampling points and

local farms ranged from 500 to 2500 m at site AB, and from 500 to 1500 m at site

DB. The distance to the surrounding agricultural fields ranged from 10 to 250 m at

site EV.

Methods

Measurement set-up
We measured atmospheric nitrogen deposition both as bulk precipitation and as

throughfall (Van Breemen et al. 1982) from March 1999 to March 2000. Bulk pre-

cipitation was measured by collecting rainwater with polyethylene funnels with a

surface of 165 cm2 at a height of 40 cm above soil surface. At the bottom of the fun-

nels a polyethylene filter was fixed. The funnels were connected to 1 litre bottles

buried into the soil with a tube.

We measured throughfall with a system of half-open channels (capturing area

165 cm2) under an artificial canopy (Bobbink et al. 1992; Bobbink & Heil 1993)

to avoid effects of canopy exchange processes. The artificial canopy consisted of 72

grass-like polyethylene plants, each with 18 overhanging leafs with a length of 30

cm (Giele sfeermaker B.V.), evenly distributed on a surface of 60 cm x 60 cm. The

height of this artificial canopy was 20 cm. Channels were connected with a 1-litre

polyethylene bottle, which was kept cool and dark by burial in the soil. To prevent

biochemical conversions in the field, 20 ml 0.01 M H2SO4 was added to all bottles

prior to burial. Water was forced to run through an inherent nylon filter before it

entered the bottle. The vegetation in an area of two metres around the artificial

canopy was kept short by regular cutting. 

Sampling
We measured the amount of precipitation every two weeks with five replicates in

all sampling stations. Every four weeks we took three clean water samples per

point and measured nitrate and ammonium concentrations with a continuous flow

auto analyser (Skalar) in throughfall and bulk precipitation. Because stem flow re-

duced the amount of water collected as throughfall as compared to bulk precipita-

tion we had to correct these figures by multiplication with the ratio of bulk precip-

itation to throughfall. The nitrogen deposition was calculated per site and date by

multiplying volumes of throughfall and bulk precipitation with the measured nitro-

gen concentrations. The contribution vegetation structure has on nitrogen deposi-

tion was calculated by subtracting bulk precipitation from throughfall and dividing

this difference by throughfall.
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Data analysis
Data were analysed statistically with the One-way ANOVA procedure in SPSS 10.0.

If necessary, data were log transformed to meet the test criteria. Tukey’s B post-hoc

test for multiple comparisons among means was used to reveal significant differ-

ences between and within sites. All data are presented as being untransformed and

on an annual basis per hectare by correcting for the total volumes of rainwater col-

lected during the year. 

Results

Bulk deposition
We measured significant differences in bulk deposition between the sites: signifi-

cantly lower values were found at EV than at the other sites (table 3.1). Within the

sites we found only differences between stations at site AB (table 3.1). Here bulk

deposition ranged from 14.1 to 18.4 kg N ha-1 yr-1. It was smallest at station AB2,

intermediate at the stations AB1 and AB3, and highest at station AB4. The differ-

ences between the sampling stations were not significant at DB and EV. Bulk pre-

cipitation there varied between 15.4 to 16.8 kg N ha-1 yr-1 and from 14.7 to 15.2

kg N ha-1 yr-1, respectively.

Throughfall
We observed also differences in throughfall between the sites: DB showed signifi-

cantly higher values than EV and AB (table 3.1). Within the sites we observed sig-

nificant differences in throughfall between measurement points in the sites AB and

DB, but only in site DB did it decrease significantly with increasing distance to the

nitrogen sources (table 3.1). The difference between sampling stations was greatest

at this site and ranged from 16.9 to 27.7 kg N ha-1 yr-1. Throughfall was signifi-

cantly higher at station DB1 and significantly lower in DB4. The amount of nitro-

gen deposition decreased gradually according to a logarithmic curve with increas-

ing distance to the local farms (figure 3.2).

The differences between sampling stations were much smaller at the sites EV

and AB and we found no relationship with distance to the local nitrogen emitting

sources (table 3.1). At site EV throughfall ranged from 17.6 to 20.4 kg N ha-1 yr-1

and at site AB from 16.0 to 20.1 kg N ha-1 yr-1. The highest values of site EV were

found at EV2 but these values did not differ significantly from those found at the

other stations. At the stations AB1 and AB2 throughfall was significantly lower

than at the stations AB3 and AB4 and throughfall at AB2 was also significantly

lower than at station AB5.
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Table 3.1. Nitrogen deposition (kg N ha-1 yr-1) at increasing distances (m) to local nitrogen
emitting sources in the three study sites. Different letters indicate significant differences between
stations within a site or (in the case of averages) between sites.

Site Station Distance Bulk deposition Throughfall Interception (%)

AB 1 500 15.2 b 17.6 ab 13.5 ab

2 750 14.1 a 16.0 a 11.8 ab

3 1000 15.7 b 20.1 c 21.5 b

4 1500 18.4 d 19.6 c 6.1 a

5 2500 17.2 c 19.3 bc 10.5 ab

average 16.1 A 18.5 A 13.0 A

EV 1 10 14.9 a 19.4 a 22.9 ab

2 50 14.7 a 20.4 a 27.9 b

3 100 14.8 a 17.9 a 17.3 a

4 250 15.2 a 17.6 a 13.2 a

average 14.9 B 18.6 A 19.9 B

DB 1 500 15.4 a 27.7 c 44.5 c

2 750 15.9 a 22.8 b 30.0 b

3 1000 16.8 a 21.3 b 20.8 b

4 1500 15.5 a 16.9 a 8.2 a

average 15.9 A 22.2 B 28.4 B

0

10

20

30

25

15

N
-d

ep
os

iti
on

 (
kg

 N
 h

a-1
 y

r-1
)

120 1600400 800
distance to local farms (m)

y = -9.5599Ln(x) + 86.82

DB1

DB2
DB3

DB4

R2= 0.985

Figure 3.2. Relationship between the nitrogen deposition measured as throughfall and the
distance to the local farmhouses for station 1 to 4 of site DB.



Interception
Throughfall exceeded bulk precipitation at all sites, thus suggesting that intercep-

tion by the artificial canopy enhanced nitrogen deposition. The relative increase

(table 3.1) was significantly smaller at site AB than at DB and EV and significant

differences between stations were found at all three sites.

At DB and EV, interception ranged from 8 to 45 % and 13 to 23 % respective-

ly. The observed pattern for the relative interception at these two sites is almost the

same as observed for throughfall. At site AB interception ranged from 6 to 22 %,

with a significant higher interception at station AB3 than at AB4.

Discussion

Spatial distribution of nitrogen deposition
In agricultural landscapes there are two major local sources of nitrogen. One is

rather constant in time and space and consists of animal housing, dung reservoirs

and other point sources. The second source is very diffuse and is formed by nitro-

gen emissions from the application of mineral and organic fertilisers, especially

slurry. Genermont et al. (1998) found that nitrogen emission decreases rapidly

after manure spreading stops and modelling by Sutton et al. (1998) predicted that

only 10-20 % of the NH3 from slurry spreading would be captured within 2 km in

an open landscape. These studies suggest that differences in N-load between areas

are mainly caused by different emissions of point sources and much less by differ-

ences in emissions from fields. We also found (cf. hypothesis 1) the highest deposi-

tion in the region with an intensive livestock sector. However, the differences be-

tween sites DB and EV are also partly the result of less precipitation at the latter

site, leading to lower wet deposition.

Small-scale variation in nitrogen deposition along forest edges was shown to be

related to inblow effects, increased turbulence at the edges and distance to nitrogen

emitting sources (Ivens 1990; Draaijers 1993; Erisman et al. 1999). Differences in

turbulence and wind speed are less marked in open landscapes (Asman 1998) and

the amount of deposition is, therefore, likely to depend almost entirely on distance

alone, especially when vegetation structure, height and density are equal between

and within sites. This idea was phrased as our second hypothesis, which states that

the amount of nitrogen deposition decreases with increasing distance to the local

nitrogen sources. It is supported by the observed deposition pattern within site DB,

but not at the other two sites. 

Modelling has predicted that large sources influence the nitrogen concentration

in the atmosphere over larger distances than small sources (Asman et al. 1989;

Sutton et al. 1998; Dragosits et al. 2002). This does not automatically lead to a

similar deposition gradient because interception depends on the roughness of the
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receiving surface (Heil 1988; Heil et al. 1988; Ivens 1990) but, as long as this pa-

rameter remains constant, one may expect the above-mentioned relation (hypothe-

sis 3). Indeed we measured increased deposition up to a distance of 1500 m from

the local sources in the areas with the highest agricultural activity, whereas we could

not find values above background levels in the two other, less intensively-used areas.

As expected, the local variation in throughfall at the sites DB and EV is caused

by differences in interception by the canopy, as bulk precipitation does not differ

between stations. However, at site AB both throughfall and bulk precipitation do

differ significantly within the site. We assume that the measurements at this site are

influenced by wind-blown sand. Except for station AB2 vegetation cover is very

low and a high percentage of the sandy soil is exposed to the wind. Despite the fil-

ters fine sand particles were found in the sampling bottles, especially during the

summer months. It is, therefore, most likely that two gradients are intermixing at

this site: one that is related to the distance to the agricultural nitrogen sources, and

one related to the amount of wind-blown sand. This suggests that the observed spa-

tial variation in the nitrogen deposition at this site is at least partly the result of re-

distribution of nitrogen within the site by wind-blown sand particles.

Vegetation structure
Existing studies suggest large differences between forested and open landscapes in

areas with increased N-deposition. Kaupenjohann et al. (1989) reported a reduc-

tion in atmospheric nitrogen concentration of over 50 % in a pine wood forest

within 300 metres of a henhouse. Equally, Pitcairn et al. (1998) measured in a

forested landscape that the NH3 concentration reaches background values within 1

km from a stable. The same authors modelled the deposition from a poultry farm

on woodland and found that the deposition decreased from 80 to 14 kg N ha-1 yr-1

within 650 m (Pitcairn et al. 2002). Models by Asman et al. (1989), on the other

hand, predicted that it would take 4 km in open moorland before enhanced NH3

air concentrations due to slurry spreading were lowered by 70 %. Also Dragosits et
al. (2002) reported enhanced NH3 air concentrations in a mixed landscape with

agricultural land and woodlands, in this case about 2500 m from a large emission

source.

The values we found fit well in this trend. Even at site DB interception values

did not reach very high levels and generally lay around 15-20%, i.e. well below

those of woodland (hypothesis 4). Increased nitrogen deposition levels were meas-

ured up to a distance of 1500 m from local nitrogen emitting sources. So, in our

study, the area influenced by local sources is larger than in forested landscapes but

smaller than the models suggest for open landscapes. We can imagine two possible

reasons for this phenomenon. The nitrogen sources may be smaller in our case than

in the studies mentioned but we consider this as very unlikely. We have no hard

data but we estimate that nitrogen deposition values directly around the large sta-
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bles are at least 60-70 kg N ha-1 yr-1. We, therefore, believe that the second alterna-

tive, namely that the interception in low canopy is underestimated in the present

deposition models, is much more likely.

In our study interception contributed at most 44 % to the total nitrogen deposi-

tion, but in most cases we found values around 20%. This is low compared to

some other studies. Bobbink et al. (1992) reported a value of 61 % for a heathland

located in an agricultural area and Bobbink and Heil (1993) estimated 46 % for a

site surrounded by woodland. Van Dam et al (1990) measured a value of about 45

% for chalk grassland. Interception in a litter meadow in Switzerland was responsi-

ble for about 70 % of the total deposition (Hesterberg et al. 1996). The lower val-

ues we measured may be due to the artificial canopy we used. Its lower size and

density in comparison to living vegetation could lead to an underestimation of the

actual nitrogen deposition. Moreover, part of the deposition on living vegetation

consists of the active uptake of gases, mainly NH3, by the stomata and interactions

at the leaf-surface (Sutton et al. 1993). These processes may make up 25 % of the

total nitrogen deposition on unfertilized, low canopy vegetation (Sutton et al.
1993; Horváth 2004). In such plant communities the compensation point (the dep-

osition level at which the vegetation changes from being a nitrogen emission source

into a nitrogen deposition sink) lies close to zero (Sutton et al. 1993) and active up-

take by the stomata takes place over the whole concentration gradient. The ob-

served patterns therefore will not change when correcting for these processes, but

the real nitrogen deposition will be higher than measured.

Impacts
The impact of atmospheric deposition may be assessed using the critical loads con-

cept. Critical loads are defined as ‘the highest deposition of a compound that will

not cause chemical changes leading to long-term harmful effects on ecosystem

structure and functioning’ (Nilsson 1986). Empirical critical loads for terrestrial

ecosystems have been summarized by Bobbink et al. (1998) and Achermann &

Bobbink (2003). National scale nitrogen deposition models, using a resolution of

25 km2 grid cells, predicted that opportunities for conservation and restoration of

low productive vegetation in the Netherlands are best in the northern part of the

country (Bleeker & Erisman 1998). However, fine-scale heterogeneity is averaged

out at this scale. The 25 km2 grid cell average may not exceed the critical load, but

areas near livestock farms may suffer from substantially higher deposition

(Dragosits et al. 2002). Our results show that this is indeed the case. We therefore

agree with Dragosits et al. (2002) that the size of a nature reserve is an important

factor for the conservation or restoration of biodiversity, especially in nature re-

serves surrounded by agricultural areas.

A high surface roughness leads to high nitrogen deposition along the edges of

woodlands but also a very steep decrease inside the areas (Ivens 1990; Draaijers
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1993; Erisman et al. 1999), whereas the opposite is true for areas with low vegeta-

tion. Interception is much lower here, but the gradient is less steep. Thus, the area

influenced by the local sources is much larger. We found increased nitrogen deposi-

tion up to a distance of at least 1.5 km in one site, whereas elevated levels in wood-

lands are found typically for only tens of metres (Erisman et al. 1999).

Unfortunately most nature reserves in the Netherlands are smaller than 50 ha

(RIVM 2000). The distance between edge and centre of such reserves is only a few

hundred metres and this means that they will often be subject to elevated nitrogen

levels over their entire area. Measures to reduce the emission from a restricted

number of sources in the direct vicinity could, therefore, be very effective. Another

option might be the development of tree ridges of several tens of metres width

around nature reserve. These will act as a first nitrogen catching belt, thus lowering

the nitrogen load on the hinterland.

According to our measurements, critical loads for heathland are exceeded in

some parts of the Delleburen reserve, but not in parts further away from farms.

However, if we assume that the actual deposition levels are underestimated by at

least 25 %, nitrogen deposition is just below the critical value of 20 kg N ha-1 yr-1

for heathlands (Bobbink et al. 1998) only in the station located at a distance of

1500 m from the nearest farms. In addition, even in the northern part of the

Netherlands background deposition values lie around 15 kg N ha-1 yr-1. For a

number of sensitive heathland and grassland communities this is equal to the lower

level of the estimated critical load (Bobbink et al. 1998). Therefore, a general re-

duction of the nitrogen emission remains necessary to be able to conserve or re-

store target communities of nutrient-poor soils.

Conclusion

Our results show that nitrogen deposition on vegetation with a low canopy de-

pends on the distance to and the strength of local nitrogen emitting sources. We

measured enhanced nitrogen deposition in an intensively used agricultural region

up to 1500 m from stables, dung reservoirs and other emitting sources. Under such

conditions small nature reserves will suffer from elevated nitrogen levels over large

parts of their area. Large nature reserves have much better prospects, as they pro-

vide their own buffer zones. In addition, local measures can be taken to further re-

duce the deposition, especially where large nitrogen emitters are located in the di-

rect vicinity of the reserves. However, background deposition is already above the

critical level for the most sensitive vegetation types. Options for the preservation or

restoration of low-productive vegetation remain therefore poor, unless legislation

leads to large-scale reduction of nitrogen emission.
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