
Chapter 22
Nitrogen Input Pathways into Sand Dunes: 
Biological Fixation and Atmospheric Nitrogen 
Deposition

R. Russow, M. Veste, S.-W. Breckle, T. Littmann, and F. Böhme

22.1 Introduction

In arid and semiarid regions, water availability is considered to be the controlling 
factor for the productivity and pattern of vegetation. The total biotic and abiotic 
N pool size of desert ecosystems is lower than in most other ecosystems (Skujins 
1981). Several studies have found that even in arid lands, nutrients are critical 
for plant growth and successions (McLendon and Redente 1992). After good 
rainy years, nitrogen can become the limiting factor (Trumble and Woodroofe 
1954) whereas added nitrogen increased productivity in several experiments in 
dry areas (Ettershank et al. 1978; Ludwig 1987). The main N input pathways 
into the ecosystems are atmospheric deposition in wet, dry and gaseous forms, 
and the biological fixation of atmospheric nitrogen N

2
. Biological fixation is car-

ried out by free-living bacteria, Fabaceae–Rhizobium symbiosis and associative 
symbiontic free-living cyanobacteria, as well as by cyanobacteria in lichens. 
Another N source is by non-leguminous nitrogen-fixing species; particularly 
shrubs and trees play a major role in these ecosystems (Schulze et al. 1991; 
Valladares et al. 2002).

In most drylands, the ‘biological soil crust’ influences ecosystem processes (West 
1990; Belnap and Lange 2001; Veste et al. 2001a). Nitrogen-fixing cyanobacteria of 
the genera Nostoc, Microcoleus, Chroococcus and Calothrix are common in such soil 
crusts, and have been reported in places such as arid and semiarid regions of Australia, 
North America and the Negev (Lange et al. 1992; Zaady et al. 1998; Belnap 2001; 
Chap. 10, this volume) Soil lichens with cyanobacterial phytobionts are also able to 
fix nitrogen. The importance of biological N fixation by soil crusts has been empha-
sised by several authors (e.g. Shields et al. 1957; Rychert and Skujins 1974; West 
1990; Evans and Ehleringer 1993; Zaady et al. 1998), although determining N fixation 
under field conditions has several methodological problems (West 1990). As a result, 
high variation has been revealed among different drylands investigated under simu-
lated field conditions. An increase in total nitrogen has been observed beneath the soil 
lichens and crusts of the sand dunes of the north-western Negev (Veste et al. 2001a). 
Most of the information about their contribution to N input in different dry ecosystems 
results only from laboratory investigations or simple estimates based on crust development 
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and N content. Mainly known are acetylene reduction and 15N
2
 incubation assays 

performed in laboratory investigations simulating field conditions (Mayland et al. 
1966; Rychert and Skujins 1974; Rai et al. 1983; Zaady et al. 1998; Belnap 2002; 
Arnibar et al. 2003). Measurements of N fixation by cyanobacteria in the biological 
crust of the Negev desert are unknown, apart from a laboratory study using an acety-
lene reduction assay (Zaady et al. 1998).

A common way of determining the biological N
2
 fixation of wild legume–

Rhizobium symbioses is the natural 15N abundance method (Shearer et al. 1983; 
Shearer and Kohl 1989; Virginia et al. 1989; Högberg 1997; Boddey et al. 2000; 
Dawson et al. 2002). The advantage of the natural 15N abundance method is that 
it can be easily applied at any site without the need for additional 15N labelling. 
The disadvantages causing some limitations are the relatively low natural 15N 
enrichment of nitrogen derived from soil (NdfS), compared to nitrogen derived from 
the atmosphere (NdfA), and some additional isotopic effects (e.g. Högberg 1997; 
Roth 1997; Dawson et al. 2002; Russow et al. 2004). However, as far as Fabaceae 
are concerned, especially woody plants and trees in a natural environment, this 
method is the only practical way to assess N

2
 fixation in situ (Binkley et al. 1985; 

Boddey et al. 2000), which is why it was used here to determine the biological N 
fixation (BNF) of the Fabaceae Retama raetam, a common shrub in the Negev and 
beyond (cf. below). R. raetam could be an important nitrogen fixer in such dry eco-
systems but so far, nodulation and, therefore, nitrogen fixation have been observed 
only in the greenhouse, not under field conditions (Farnsworth 1975).

In this paper, we present field measurements of biological N
2
 fixation (BNF) 

obtained by the natural 15N abundance method, and use these to estimate the annual 
nitrogen input by the soil crusts and R. raetam. We follow a novel approach for the 
natural 15N abundance technique, by using the non-N

2
-fixing lichens Squamarina 

lentigeria and S. cartilaginea (=S. crassa) as reference in order to determine N
2
 

fixation by the biological crust in situ in the Negev desert. N input by BNF of 
atmospheric nitrogen is compared with atmospheric nitrogen deposition.

22.2 Materials and Methods

22.2.1 Study Sites

The samples were collected along the geo-ecological gradient described in Chapter 
29 (this volume).

22.2.2 Species Investigated

R. raetam (Fabaceae) is a stem-assimilating shrub with a height of up to 2.5 m. It has a 
wide ecological range, from the Mediterranean coastal dunes to the dry Saharo-Arabian 
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deserts of North Africa. In the Negev, it is a common species of the loessial northern 
Negev, the central Negev Highlands, the stony southern Negev and the arid Arava 
Valley. In the sand dunes of the north-western Negev, R. raetam grows in interdune 
areas and on stable dune slopes and crests. It is a deep-rooting shrub, its roots sometimes 
reaching a length of more than 11 m. Artemisia monosperma (Compositae) is a semi-
shrub up to 1.5 m in height, and characteristic of desert and coastal sand dunes in the 
Middle East (Danin 1996). Artemisia inhabits semi-stable and stable sands. The stem-
succulent Anabasis articulata (Chenopodiaceae) is a semi-shrub. It is common in the 
study area in the interdunes and dune base.

22.2.3 Biological Soil Crusts

Biological soil crusts consist of cyanobacteria, green algae and local outcrops of 
mosses and soil crust lichens (Lange et al. 1992; Evans and Lange 2001; Veste et 
al. 2001a, b). The most common cyanobacteria in biological crusts include Nostoc 
sp., Scytonema sp., Phormidium sp. and Oscillatoria sp. (Chap. 10, this volume). 
The interdunes in the Haluza sand field (site N3) are completely covered with soil 
lichen crusts. This lichen community is composed of Fulgensia fulgens 
(Teloschistaceae), S. cartilaginea (Lecanoraceae), S. lentigera and Diploschistes 
diacapsis syn. D. steppicus (Diploschistaceae). The nitrogen-fixing soil lichens 
are Collema tenax and other unidentified cyanobacterial lichens. In most of the 
interdunes, the cyanobacterial lichens dominate the soil crusts.

22.2.4 Sampling for 15N Determination

Samples of biological crusts and the underlying sand to a depth of 90 cm, lichens 
(C. tenax, F. fulgens, S. lentigeria and S. cartilaginea) and shrubs (R. raetam, 
A. articulata, A. monosperma) were collected in March 1998, 1999 and 2000 at 
different locations. Samples of the soil, crusts and R. raetama were taken in three 
replicates from two different plots at each location. Shrub samples were cut from 
two different shrubs at each location. In 2000, additional samples were taken 
from plants with the aim to confirm the measurements of 1998 and 1999. The 
material was oven-dried at 65 °C and then ground to determine N content and also 
natural 15N abundance.

22.2.5 Sampling Atmospheric Deposition

Total nitrogen in the bulk samples were analysed by Kjedahl digestion following 
steam distillation to expel the ammonium. 15N of the isolated ammonium was meas-
ured by means of a coupled element analyser-IRMS (Scharf 1988; Mulvaney 1993; 
Russow et al. 2004).
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22.2.6  15N Methodology and Calculation of Biological 
N Fixation

15N abundance in the pretreated samples was measured on a DELTA S isotope mass 
spectrometer (Finnigan MAT Bremen, Germany) coupled online to a CHN EA 
1108 elemental analyser (Carlo Erba, Italy; see details in Russow et al. 2004).

The natural 15N abundances measured are given in δ ‰ units (Ehleringer and 
Rundel 1989):

 δ ‰ = (R
s
–R

0
) /R

0
 × 1,000 (22.1)

where R
s
 is the 15N/14N ratio of the sample, R

0
 that of atmospheric N

2
.

The 15N method to determine the biological N
2
 fixation of legume–Rhizobium 

symbioses introduced by McAuliffe et al. (1958) was originally a 15N isotope dilu-
tion technique based on artificially tracing the plant-available N pool with 15N. 
The different variations of this technique are explained in Russow and Faust 
(1990). Because the δ15N signature of the nitrogen derived from the soil (NdfS) is 
commonly enriched relative to nitrogen derived from the atmosphere (NdfA), this 
15N soil enrichment can be used as a natural tracer. This approach is known as the 
natural 15N abundance method, and is commonly used in natural and semi-natural 
ecosystems (Shearer et al. 1983; Shearer and Kohl 1989; Virginia et al. 1989; 
Boddey et al. 2000; Dawson et al. 2002). NdfA can be calculated using a two-pool 
model from the quotient of the natural 15N abundance of the N

2
-fixing plant and 

the plant-available soil N. Because representatively determining the plant-availa-
ble soil N is difficult, a non-N

2
-fixing reference plant growing at the same site with 

a similar root system and temporal N uptake pattern to that of the N
2
-fixing plant 

is often used. However, frequently these assumptions are not met. Hence, the 15N 
abundance of the reference plant should differ from the available soil N by up to 
± 3 ‰ (Evans 2001). Using both a reference plant and the soil nitrogen pool, the 
N

2
 fixation expressed as NdfA can be calculated as

 NdfA = (δ
r 
– δ

f
 / δ

r
 – δ

b 
) × 100 (22.2)

where δ
r
 is the δ15N of the reference sample in ‰, δ

f
 that of the N

2
-fixing plant in 

‰, and δ
b
 the isotopic shift relative to the air’s δ15N signature by the BNF as 

such.
BNF is known to create a slight isotopic 15N shift to about −2‰ (Boddey et al. 

2000) but this is not known for R. raetam. Therefore, in Eq. (22.2) for δ
b
 we used 

a very small value of −0.5‰ for BNF calculations, to avoid an excessive overesti-
mate of BNF for R. raetam. The precision of this approach depends primarily on 
the difference between the 15N in the soil and the atmosphere. Therefore, estimates 
based on the natural 15N abundance method are often only semi-quantitative 
(Dawson et al. 2002), because of the additional uncertainty in determining the true 
δ15N value of plant-available soil N (NdfS), as mentioned above. This calculation 
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is explained in more detail in Shearer and Kohl (1989), and a more recent review 
for woody plants is given in Boddey et al. (2000).

The NdfA of the biological crust can be calculated using an equation similar to 
Eq. (22.2). The parameter δ

b
 in Eq. (22.2), i.e. the isotopic shift relative to the air’s 

δ15N signature (0 ‰) caused by the BNF as such, is also unknown for biological 
crusts and N

2
-fixing cyanobacteria. Therefore, to avoid overestimating the crust’s 

BNF, here δ
b
 was set to ± 0 ‰, and Eq. (22.2) becomes Eq. (22.3):

 NdfA = (δ 
L
 – δ

C
 / δ

L
) × 100 (22.3)

where δ
C
 is the δ15N of N

2
-fixing cyanobacteria in ‰, δ

L
 that of non-N

2
-fixing 

lichens in ‰.

22.3 Results

22.3.1 Soil

Figure 22.1 shows the interrelation between N contents and 15N abundances at various 
soil depths. Like other investigators (e.g. Skujins 1981; Evans and Ehleringer 1993; 
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Nadelhoffer and Fray 1994), we found a decrease in N content with soil depth. In 
contrast, 15N abundance shows an increase with soil depth. As we measured 15N in the 
surface crusts separately, there is a marked hiatus in 15N abundances from about −2 ‰ 
in the crusts to values of +4 to +7 ‰ in the underlying sand.

22.3.2 Biological Soil Crusts

The δ15N values of the biological soil crusts are all negative but differ significantly 
among the various species sampled (Fig. 22.2).

The non-N-fixing soil crust lichens of the genus Squamarina showed a very low 
δ15N value of −11‰. Because the Squamarina types cannot fix N

2
, we used these 

as reference in Eq. (22.3), to estimate the BNF of the various soil crust types in the 
Haluza sands.
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Fig. 22.2 Natural 15N abundances (A) and N contents (B) for biological crusts and lichens at the 
Haluza sands. Crust NWS Biological crust on north-west-facing slope, Crust ID biological crust 
in the interdune, Coll ID Collema tenax sp. in the interdune, Ful ID Fulgensia fulgens in the 
interdune, Squa ID Squamarina sp. in the interdune
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The thickness and density of the crust and lichens sampled are listed in Table 22.1. 
These values and the N content of the samples (Fig. 22.2) can be used to calculate 
the stock of nitrogen, which is shown in Fig. 22.3a. As shown, the biological crusts 
and soil lichens contain considerable amounts of N which increase with increasing 
thickness, from 5–7 g N m−2 in cyanobacterial crusts at the dune base and interdune 
to 27–40 g N m−2 in the soil lichen crusts. The thickness of the crust varies greatly 
from one location to the other – from 1 to 4 mm for the biological soil crusts and 
from 4 to 7 mm for the lichen crusts. Therefore, the N amounts calculated (Fig. 
22.3a) are valid only for the particular sampling spots of the present study, and gen-
erally exhibit high variation. The BNF of the biological soil crusts and soil lichens, 
calculated as relative NdfA values based on Eq. (22.3), are shown in Fig. 22.3b.

Table 22.1 Thickness (x) and density (ϕ) of biological crust types at different locations within 
the Haluza sands (ID interdune, NWS north-west-facing slope)

Species (location) Thickness x (mm) Density ϕ (g×cm−3) Remarks

Squamarina species 
(ID)

4.0 1.1 Photobiont: green 
algae

Fulgensia fulgens(ID) 4.5 1.1 Photobiont: green 
algae contaminated 
by cyanobacteria

Collema tenax (ID) 5.0 1.1 Photobiont: 
cyanobacteria

Biological soil crust 
(ID)

3.0 1.3 Cyanobacteria and 
green algae

Biological soil crust 
(NWS)

3.0 1.3 Cyanobacteria and 
green algae

Fig. 22.3 N stock in different crusts and 
soil lichens (A) and relative biological N

2
 

fixation (NdfA) (B) by soil crusts and 
lichens in the Haluza sand field. Crust 
NWS Biological crust on north-west-facing 
slope, Crust ID biological crust in the 
interdune, Coll ID Collema tenax in the 
interdune, Ful ID Fulgensia fulgens in 
the interdune, Squa ID Squamarina sp. in 
the interdune Crust NWS Crust ID Coll ID Ful ID Squa ID

0

20

40

60

80

100

re
l. 

bi
ol

og
ic

al
 N

 fi
xa

tio
n 

[%
]

1998

1999

0

10

20

30

40

N
 s

to
ck

 [g
 m

−2
]

A

B



326 R. Russow et al.

22.3.3 15N Retama raetam

Figure 22.4a shows the δ15N values for the N
2
-fixing shrub R. raetam, compared 

to those of the non-fixing plant A. articulata and the soil itself. Retama shows 
significantly less 15N enrichment than the non-N

2
-fixing reference plant A. articu-

lata and the soil, proving the uptake of atmospheric nitrogen by R. raetam via 
nodulation with Rhizobia. The only references available were the non-N

2
-fixing 

plant A.  articulata and the soil as such. The deep-rooted shrub A. monosperma 
has a strikingly lower, positive 15N abundance in the study area, probably due to 

Fig. 22.4 Natural 15N abundance for Retama raetam, Anabasis articulata and soil samples (A) 
and relative biological N

2
 fixation (NdfA) (B) at different locations. ID Interdune, DB dune base
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phyllospheric N
2
 fixation from the atmosphere (Farnsworth 1975), and so could 

not be used as a reference plant (Russow et al. 2004).
NdfA values, i.e. the relative contribution of BNF to biomass production by R. 

raetam, were calculated according to Eq. (22.2) (Fig. 22.4b). Using the soil as 
 reference entails additional uncertainties for the determination of BNF with the 
natural 15N abundance method. This results from an increase in δ15N values with 
soil depth (Russow et al. 2004). To improve the soil-based calculation of BNF, an 
average of three soil depths (5–10, up to 30, up to 60 cm) was used (Fig. 22.4a). 
The error bars for the soil shown in Fig. 22.4a reflect the mean range of 15N abun-
dance at a soil depth of 5–60 cm.

The standard deviation of 15N abundance for R. raetam and this 15N range in the soil 
allows us to calculate the uncertainties in the determination of NdfA for the soil-based 
NdfA values, shown in Fig. 22.4b as error bars, using the rules of error propagation. 
Compared to the standard deviation of the Anabasis-based values, this uncertainty is 
very large. On the other hand, the reference values determined with A. articulata may 
also be distorted by airborne N deposition with a strongly  negative δ15N value. This can 
be concluded from the low δ15N values of Squamarina. The fixation rate NdfA calcu-
lated depends on the reference used (Fig. 22.4b). However, since the two NdfA values 
coincide with the standard deviation of the Anabasis-based values, the mean of the two 
is used for further analysis and discussion (see below).

21.3.4 Estimation of N Input by BNF into the Ecosystem

As mentioned above, the NdfA provides only relative values and does not reflect 
absolute N input. N input can be calculated only by additionally using data on total 
N contents and annual growth rates of the pools considered. No growth data are 
available for undisturbed crusts. Therefore, we started by using the regeneration 
time for the soil crust from an experiment in which large areas of the crust in the 
interdunes at the Nizzana test site had been completely removed. The subsequent 
increase in chlorophyll content with time after removal was measured (Veste et al. 
2001a). The average NdfA values and N pools were taken from Fig. 22.3, the 
growth rate was estimated from the experiment mentioned above, and the absolute 
biological N

2
 fixation calculated from these values is shown in Table 22.2 (also see 

below and Table 22.3). The latter ranges from 0.9 to 1.3 g m−2 year−1 for the cyano-
bacterial crusts and up to 4 g m−2 year−1 for C. tenax.

According to Eq. (22.4), calculating absolute nitrogen input by biological nitro-
gen fixation from NdfA for R. raetam requires the production of biomass (m) per 
area and year based on the relative fraction of R. raetam (p

R
) and mean N content 

of R. raetam (c
R
):

 BNF = NdfA × m × p
R 
× c

R 
(22.4)

Standing biomass (BM), the fraction of R. raetam (p
R
) and the average N content 

(c
R
) were determined at location 4, Nizzana (Table 22.4). For the estimation, we 
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assumed an annual growth rate of 4% for R. raetam, following investigations in the 
Negev Highlands by Tenbergen (1991). This relative growth rate results in a 
 biomass production per year (m) for R. raetam of 74 kg ha−1 year−1 in the interdune 
and 152 kg ha−1 year−1 at the dune base of the Nizzana test site. From these biomass 
production rates and the relative BFN determined, an N input of 16 and 108 g N 
ha−1 year−1 respectively was estimated (Table 22.4).

Table 22.4 Estimation of N amounts fixed from the atmosphere by Retama raetam in the inter-
dunes and dune base at Nizzana

Parameter Interdune Dune base

Standing biomass (BM, kg ha−1)a 1,850 3,800
Estimated biomass production (kg ha−1 year−1)b 74 152
Relative fraction (p

R
, %) 1.7 9.5

Mean N content (c
R
, % of dry weight)c 1.62 1.62

Increase of N (g ha−1 year−1) 20.4 234
Mean NdfA (%) 79 46
Estimated BNF (g ha−1 year−1) 16 108
a Veste et al. (2000; also see Chap. 25, this volume)
b Growth rate Retama raetam 4% (after Tenbergen 1991)
c Stratmann (1996; for details, see text)

Table 22.2 Biological N
2
 fixation by biological soil crusts and soil lichens in the Haluza sands 

(ID interdune, NWS north-west-facing slope)

Crust type (location) N stock (g N m−2) NdfA (%) N growth (g N m−2 
year−1)

Abs. BNF (g 
N m−2 year−1)

Fulgensia fulgens(ID)a 17.7 68 2.5 1.7
Collema tenax (ID) 34.0 88 4.9 4.3
Biological crust (ID)   5.4 91 1.4 1.2
Biological crust (NWS)   6.5 84 1.1 0.9
a Fulgensia fulgens contaminated by N-fixing cyanobacteria

Table 22.3 Calculated nitrogen fixation (NdfA) of Retama raetam at different loca-
tions and years with Anabasis articulata and soil (5–60 cm) as a reference (ID inter-
dune, DB dune base, SP span of uncertainty)

Location Year NdfA in % Average SP

N5/North (ID) 1999 87 29–100
N3/Haluza (ID) 1998 75 ±33
N3/Haluza (ID) 1999 63 ±28
N1/Nizzana (ID) 1998 88 ±64
N1/Nizzana (ID) 1999 71 ±53
N1/Nizzana (DB) 1998 46 ±36
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22.3.5 Atmospheric Nitrogen Deposition

The general solution for atmospheric element deposition derived from principal 
component analysis (PCA) in Chap. 19 (this volume; cf. Table 22.2) indicated that 
nitrogen input during the September 1998 to June 1999 study period (for further 
details and sampling methods, refer to Chap. 15, this volume) may be grouped into 
two principal components: PC3 (NH

4
+-N, total N deposition, and with K+ loading 

secondarily on this factor), and PC4 (NO
3

- -N, with SO
4
2− loading negatively). In 

this way, the deposition of nitrogen compounds in the study area is not correlated 
with atmospheric input of other mineral elements.

At the five monitoring stations in the northern coastal plain and the sand dune areas 
(Chap. 15, this volume), there is a sharp decrease in the deposition of N

total
 (determined 

by means of the Kjeldahl method) from north to south (cf. Fig. 15.1 in Chap. 15, this 
volume). For the northern coastal plain, we observed a mass input of N

total
 of 4.27 and 

4.14 kg ha−1 year−1 at the Gevulot and Yevul stations respectively, whereas in the sandy 
area the corresponding values decreased from 3.44 kg ha−1 year−1 at site N5 to 2.17 kg 
ha−1 year−1 at site N3, and 1.86 kg ha−1 year−1 at site N1 (Nizzana; Fig. 22.5).

On the other hand, the decrease in overall N deposition is accompanied by a decrease 
in the organic fractions. In the cultivated coastal plain with predominantly agricultural 
activities, NH

4
+-N and NO

3
−-N constitute 25–10% of N

total
, and in the sand dune field 

the values increase from 16% along the northern margin to 20% in the central part, and 
40% in the southern part. The increase in the fraction of inorganic N deposition is due 
mostly to NO

3
−-N input which, in turn, is primarily of dry mode (cf. Table 19.1, Chap. 

19, this volume). However, NH
4
+ is most effectively deposited during wet intervals.

Both principal components of nitrogen deposition show a clear maximum in 
winter at all stations (cf. Table 15.1, Chap. 15, this volume), followed by the spring 
months. Due to the limited monitoring time series, we cannot infer seasonal char-
acteristics for the summer period. However, Littmann (1997) found summer values 

Fig. 22.5 Bulk N deposition (bars) and mean 15N abundance (line) along the geo-ecological gradient
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of total nitrogen input to be very low over a longer observational period for the 
southern sand dune field, and the seasonal maximum occurred in spring (April, 
May). Also in our depositional time series, in spring we can observe a gradual 
increase in the mass of total nitrogen deposited per month from north to south.

As was found earlier (Littmann 1997), the deposition of nitrogen compounds 
is not interrelated with dust input. Thus, dust does not appear as an independent 
variable in multiple regression models for the factor value series of PCs 3 and 4. 
PC3, on the other hand, is most effectively deposited under wet conditions and, 
therefore, rainfall was included in a first-step model run as a controlling variable 
(explained variance of PC3 factor value series: 37%; Fig. 22.6). However, upon 
introducing wind parameters into the stepwise multiple regression model, rainfall 
was replaced by the entire set of wind directions. The best-fit model for PC3 
(explained series variance: 82%) includes N, E, S, SW and W as positively 
 interrelated variables, and NE, SE and NW with negative interrelation. Only the 
highest wind speed interval (the relative frequency of wind speeds>6.0 m s−1 per 
sampling interval) was included in the model equation.

The deposition of nitrate (almost entirely of dry mode, following Table 19.1 in 
Chap. 19, this volume) seems to follow boundary conditions other than climatic, 
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Fig. 21.6 Modelling the mean depositional series for ammonium (PC3) and nitrate (PC4) in the 
north-western Negev. Model regression equations: NH

4
+−N=0.067 N−0.14 NE+0.012 E−0.03 

SE+0.009 S+0.075 SW+0.155 W−0.0095 NW−0.001 WS2−0.21 WS3+0.24 WS4−0.363, where 
wind directions refer to the percentage of a given direction within a sampling interval, and WS2, 
WS3 and WS4 are the percentage of wind speeds in the 2.0–3.9, 4.0–5.9 and >6.0 m s−1 intervals 
per sampling interval respectively; NO

3
−−N=0.008 N+0.163 NE+0.006 E+0.017 SE−0.147 

S+0.251 SW−0.243 W+0.029 NW−0.084 WS2−0.007 WS3−0.123 WS4+3.256
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compared to the deposition of total nitrogen and ammonia. In a stepwise multiple 
regression model, all wind parameters were introduced in the first step, with only 
wind from westerly directions being negatively interrelated. However, all wind 
speed intervals > 2 m s−1 are also negatively interrelated. Thus, the overall signifi-
cance of the regression model (Fig. 22.6) is weak (explained variance: 47%).

22.4 Discussion

As pointed out in the introduction, measurements of N
2
 fixation by cyanobacteria 

in the biological soil crusts of the Negev desert are unknown, with the exception 
of laboratory studies using the acetylene reduction assay (Zaady et al. 1998). 
Our results with the natural 15N abundance method showed clearly that the dif-
ferent biological crusts are able to fix a significant amount of nitrogen. 
Measuring the natural 15N abundance of the non-fixing crustal lichens S. lenti-
geria and S.  cartilaginea, compared to that of the cyanobacterial soil crusts and 
cyanolichens, has enabled us to estimate fixation under field conditions. This 
novel approach for the in situ determination of N

2
 fixation by biological crusts 

in the field is explained in the following. Assuming that no soil N moves 
upwards from the crust into the soil, the crusts obtain their nitrogen solely from 
two N pools: (1) atmospheric N

2
 fixed by the cyanobacteria present in the bio-

logical crust (BNF); (2) airborne N deposition.
The lichens S. lentigeria and S. cartilaginea – which do not contain cyanobacteria 

– cannot fix N
2
 and, consequently, obtain their nitrogen only from airborne N deposi-

tion. This assumption is supported by other investigations in which lichens were 
used to monitor air pollution (Hawksworth and Rose 1976; Ahmadjian 1993; Stolte 
1993). As shown in Fig. 22.2, the δ15N of these non-N

2
-fixing lichens is strongly 

negative down to an average of −11‰, probably caused by the absorption of 
strongly negative airborne nitrogen in either gaseous form (NH

4
+, NO

x
) or from 

rainwater uptake (NH
4
+, NO

3
−; Heaton 1990; Freyer 1991; Garten 1992). Although 

natural 15N values for lichens in arid regions are unknown, measurements in other 
regions support our assumption. δ15N values of the lichens Hypogymnia physodes 
and Pseudevernia furfuracea from the eastern central Alps range from −4 to −7‰ , 
depending on altitude (Schlee et al. 1996), even reaching −14‰ for H. physodes in 
a forest in central Germany (Jung, personal communication). Comstock (2001) 
found values of between −4 and −8‰  in epiphytic lichens in the Kings Canyon and 
Glacier National (USA).

Because of the relatively large difference between the δ15N value of the two 
pools (atmospheric nitrogen 0 ‰), the natural 15N abundance technique should also 
be applicable to determine the fixation of N

2
 from air by biological crusts and 

cyanobacteria-containing lichens. In this sense, the negative 15N value of airborne 
N deposition is used as an N tracer, the non-N

2
-fixing lichens being used as refer-

ence. In contrast to Squamarina, the relatively high δ15N values of −7‰  in F. fulgens 
(also unable to fix N

2
) living at the same spot indicate contamination by free-living 

cyanobacteria, resulting in a significant N
2
 fixation of 68%. We have no proof that 
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there is no N
2
 fixation in Squamarina. Because its δ15N is very negative, however, 

there is evidently no or merely negligible contamination by free-living cyanobacte-
ria, and thus this species can be used as reference for the natural 15N abundance of 
airborne N deposition.

The calculated relative contribution of atmospheric N
2
 (NdfA) by cyanobacteria 

to the total nitrogen content is very high, 84–91%. The cyanolichens C. tenax 
investigated here have a similar fixation rate (88% NdfA). Our estimated absolute 
biological N

2
 fixation based on 15N values amounts to between 0.9 and 1.2 g m−2 

year−1 (9 and 12 kg N ha−1 year−1) for the cyanobacterial crusts, and up to 4.3 g m−2 
year−1 (43 kg N ha−1 year−1) for the C. tenax this is in the range of 1–10 g m−2 year−1 
published by other authors (Rychert and Skujins 1974; West and Skujins 1977; 
West 1990, 1991).

Under optimum light and moisture conditions in a laboratory experiment, Zaady 
et al. (1998) determined an N

2
 fixation rate of max. 95 g N cm−2 h−1 for biological 

crusts from the Negev. From our own measurements of the activity of biological 
crusts in function of dewfall and rain, an average effective fixation period of 45 and 
150 minutes can be concluded after a dew or rain event respectively (Veste et al. 
2001b). For the study site, we can assume approx. 195 days with sufficient dewfall 
and an average of 15 rainy days, resulting in roughly 190 h year−1 with nearly 
 optimum fixation conditions. Based on the above potential fixation rate of max. 
9.5 mg N m−2 h−1, this effective time would enable total fixation of 1.8 g N m−2 year−1 
by the crusts. This value is in the lower fifth of the range of BNF estimated for 
 biological crusts in other desert ecosystems, i.e. 1 to 10 g N m−2 year−1. However, 
our results amount to 50–67% of the above-estimated potential N

2
 fixation by bio-

logical crusts (without C. tenax) of the Negev.
To assess this result, the high variation between the different drylands must be 

taken into account. Investigations under simulated field conditions have found 
 values ranging from up to 3.5 g N m−2 year−1 for general drylands (McGregor and 
Johnson 1971) and 4.0–6.6 g N m−2 year−1 for semiarid rangeland in Arizona 
(Mayland et al. 1966) to 1–10 g N m−2 year−1 in the Great Basin (Rychert and 
Skujins 1974; West and Skujins 1977). West (1990, 1991) reported that, in the 
Great Basin, nitrogen fixation by cryptogamic crusts can reach 4.1 g N m−2 year−1. 
In a more recent publication, Belnap (2002) reported for dark cyanobacterial crusts, 
and a crust with 20% cover of C. tenax, an annual N input by BNF of 9 and 13 kg 
N ha−1 year−1 respectively in the Canyonlands National Park, south-eastern Utah, 
USA. These values were estimated from results of acetylene reduction measure-
ments in the laboratory, similarly to our approach above with the laboratory 
 measurements of Zaady et al. (1998). This approach has two main uncertainties:

1. a high variability in the factor used to convert acetylene values into real N
2
 fixa-

tion levels; Belnap (2001) herself reported a range of 0.06–0.38 for this factor;
2. extrapolation from this laboratory value, obtained under optimum fixation con-

ditions, to N
2
 fixation in the field, accounting for real temperature, precipitation 

and moisture characteristics for the crusts measured in the field for an observa-
tion period of 2 years.
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Long-term measurements for annual crust activity and its relation to microcli-
mate conditions are rare. Therefore, exact estimation of physiological activity 
from microclimate conditions still has uncertainties. Despite these, the different 
approaches used by Belnap (2002) and in our investigations result in the same 
range of values. Biological crusts cover, in the interdunes, 55% of the area at 
Nizzana (site N1), 75% in the Haluza sands (site N3) and 93% at site N5. From 
the crust covers, we can calculate a nitrogen input of approx. 13 kg ha−1 year−1 
for the crusts investigated at the Halzua sands. These are average values for 
nitrogen input by biological crusts. It needs to be considered that, on a smaller 
scale, crust distribution is very patchy and, therefore, up-scaling from smaller 
spot measurements to ecosystems is another problem. In contrast to the biologi-
cal soil crusts, which cover most of the sand dune, nitrogen fixation by R. raetam 
has a smaller, more localised impact. Retama contributes only 1.7% of the stand-
ing biomass in the interdune, and the highest density can be found at the dune 
base (9.5%). Accordingly, total N input via BNF by this shrub is only 16 and 
108 g N ha−1 year−1 (0.002 and 0.011 g N m−2 year−1) respectively, although the 
relative contribution of BNF to the total nitrogen of R. raetam is relatively high, 
46–79%. Shearer et al. (1983) estimated a similar relative contribution of BNF 
to the total nitrogen of Prosopis in various desert ecosystems (43–65%). 
Nevertheless, the nitrogen content of the detritus under such shrubs may be 
 elevated, leading to heterogenic N distribution within the ecosystems. In combi-
nation with a more suitable microclimate, a denser cover of annuals can very 
often be observed and, thus, more biomass can be found in these ‘fertile islands’ 
or ‘fertile patches’ than in their surroundings (Gardener and Steinberger 1989; 
Pugnaire et al. 1996; Xie and Steinberger 2001, 2002).

The overall atmospheric deposition of total nitrogen is comparatively low but 
typical for semiarid to arid desert margins. It decreases, in parallel with biomass 
and agricultural activity, from around 4 kg ha−1 year−1 in the northern coastal plain 
to 2 kg ha−1 year−1 in the southern sand dune field; simultaneously, the percentage 
of inorganic compounds increases. Furthermore, both PC3 and PC4 show a sea-
sonal maximum during the winter months from November to March. Although 
peaks in the factor value series in winter and spring do show some coincidence 
with either rainfall or dust storm events, only rainfall may be considered a control-
ling variable for PC3 (N

total
 and NH

4
+) input. More significant in multiple regres-

sion models are wind directions and wind speeds which, however, do not indicate 
any clear source area or preferred wind direction to which regional nitrogen depo-
sition may be assigned. These findings imply that different levels of atmospheric 
deposition of total nitrogen, and of ammonia as the first product of the mineraliza-
tion of organic compounds, are confined to specific local environments: they are 
higher in the northern area, with a relatively high biomass and agricultural land 
use, and lower in the arid southern parts of our transect. In the event of rainstorms 
with high wind speeds and atmospheric instability, organic and primarily mineral-
ized plant and soil particles may be blown off and redeposited within the affected 
area. No long-range transport may occur. The deposition of nitrates, however, is 
constrained to calm conditions which may also include rain and dust storm events 
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during a sampling interval. As no specific wind direction may predominate, this 
implies that NO

3
−-N deposition is largely in a gaseous deposition mode also 

 constrained to local environments.

22.5 Conclusions

From our field investigations, we conclude that the novel approach using the non-
fixing lichens Squamarina lentigeria and S. cartilaginea as reference for the natural 
15N abundance method results in reasonable values for the fixation of atmospheric 
N

2
 by the biological crusts and cyanobacteria-containing lichens.
On the ecosystem level, biological fixation by biological crusts and Collema tenax 

lichens of approx. 13 kg N ha−1 year−1 is a very important nitrogen input pathway, 
whereas N input by dust can be considered a minor pathway with only 2–4 kg N ha−1 
year−1 in the sand dunes of the north-western Negev (Littmann 1997; Russow et al. 
2004). In contrast, the BNF of Retama raetam determined in the present study leads 
only to local N input which creates fertile islands surrounding these shrubs. Calculated 
even on a hectare scale, this N input is very low at up to 0.11 kg N ha−1 year−1.
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