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Abstract. Experiments were designed to test the applicability
of nitrogen immobilization as a means of accelerating the
recovery of an endemic open sandy grassland (Festucetum
vaginatae danubiale) on old fields in the Great Hungarian
Plain. Effects of various carbon sources (sucrose, starch, cel-
lulose and sawdust) and their combinations in different quan-
tities were studied in laboratory microcosms. Carbon addition
decreased nitrogen availability in all cases, the intensity and
timing of change being dependent on the type of carbon source
applied. The combination of 2 g each of sucrose and
polysaccharides (starch, cellulose, sawdust) per kg soil was
found to be the most effective, as sucrose decreased available
nitrogen content of soil intensively and the polysaccharides
maintained the immobilized nitrogen for a longer period. In a
follow-up experiment, sucrose and sawdust were selected for
field application to test their effectiveness in immobilizing N
and accelerating restoration. The field experiment was estab-
lished to test the importance of abiotic site differences in the
immobilization of soil nitrogen. Selected sites were located
along an elevation, moisture and productivity gradient. Soil
organic matter, microbial biomass-C and decomposition rate
varied between sites depending on the elevation gradient. At
two sites with lower soil moisture and organic matter levels
carbon addition increased microbial activity and nitrogen im-
mobilization significantly.

Keywords: Carbon source; Festucetum vaginatae; Hungary,
Nitrogen availability; Secondary succession.

Nomenclature: Horvith et al. (1995).

Introduction

Secondary succession on abandoned fields is often
slow, and can remain at an intermediate state dominated
by weeds for a long period. Weedy abandoned fields are
very common in habitats that would otherwise be suit-
able for endemic, open, sandy grassland (Festucetum
vaginatae danubiale) on the Great Hungarian Plain. As
a consequence of possible admission to the European

Union cessation of agricultural activity in areas of such
low productivity will be even more extensive. The re-
gional nature conservation authority (Kiskunsig Na-
tional Park) aims to raise the ecological value of its
territories by promoting the restoration of semi-natural
communities on abandoned fields.

Numerous factors have the potential to influence the
rate of recovery of disturbed lands. Many of them can be
readily manipulated in order to hasten or redirect natural
succession on disturbed sites. By understanding the mecha-
nisms involved in secondary succession, it may be possi-
ble to restore these unique sand grassland habitats.

Changes in soil nutrient status have been shown to
influence plant community structure and successional
processes (Pigott & Taylor 1964; Tilman 1986, 1987).
Plants belonging to different seral stages differ in their
responses to resource availability and resource supply
ratios (Tilman 1987). Nitrogen availability was found to
be a primary mechanism controlling the rate of succes-
sion (Carson & Barrett 1988; Klein etal. 1996; McLendon
& Redente 1991, 1992a, b; Paschke et al. 1996; Tilman
1984, 1986; Zink & Allen 1998).

Available N is inversely related to the abundance of
late-seral dominants in a number of ecosystems. In-
creased N-availability affects the seral process in semi-
arid ecosystems, slowing the replacement of annuals by
herbaceous perennials (McLendon & Redente 1991,
1992a, b; Paschke et al. 1996; Trent et al. 1992). Con-
versely, decreased N-availability is correlated with the
replacement of early-seral species by mid-seral species
(McLendon & Redente 1991; Paschke et al. 1996; Tilman
& Wedin 1991; Wedin & Tilman 1990) and the rate of
seral replacement in semi-arid plant communities can be
increased by increasing N-limitation (McLendon &
Redente 1992a, b; Paschke et al. 1996).

Nitrogen is the only nutrient for which ecosystem
cycling is almost exclusively regulated by biological
processes (Bobbink et al. 1996). Major chemical transfor-
mation of N takes place in the soil and is mainly control-
led by the activity of the soil microbial community
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(Bolton et al. 1993; Santruckova 1992; Zak et al. 1990).
Thus, manipulations of N-availability have to focus on
the soil biological system.

Addition of a carbon source to soils leads to in-
creases in microbial biomass and enzyme activity and
thus results in rapid N-immobilization under laboratory
conditions (Antal et al. 1988; Gulyds & Fiileky 1994).
Changes in the below-ground microbial community re-
lated to successional status and N-availability have also
been observed in field studies (Klein et al. 1995, 1996).

Several carbon sources have been found to have
positive effects on the rate of succession by stimulating
soil microbial activity. The addition of bark and straw
was beneficial for the restoration of native shrubs on
disturbed lands in California (Zink & Allen 1998). In
semi-arid areas of the Western United States sucrose
applications resulted in an increased rate of succession
(McLendon & Redente 1992a; Paschke et al. 1996)

Experiments were designed to test the applicability
of N-immobilization as a means for accelerating recov-
ery of degraded vegetation in a semi-arid grassland in
Hungary. An experimental site was chosen which was
similar to ones that have been investigated in the west-
ern US (McLendon & Redente 1992a, b; Klein et al.
1996).

The objectives of this study were:

1. To identify the most effective carbon source addition
for immobilizing soil nitrogen in semi-arid sandy grass-
land in the Great Hungarian Plain.

2. To test the importance of abiotic site differences in
the effectiveness of N-manipulations.

Site description

The study site is situated in the Kiskunsag National
Park, Hungary. The Danube-Tisza Mid-Region lies in
the warm temperate zone with an annual mean tempera-
ture between 10.2 °C and 10.8 °C and annual precipita-
tion of 513 mm with maxima in May and November.
The water table in the region has decreased by 2 - 4 m
during the last 20 yr, which has resulted in important
changes in vegetation composition (Kérmoczi 1991).

The Danube-Tisza Region represents an important

source of biodiversity in Hungary because of its unique
native plant communities on sand dunes. The sand dunes
provide a patchy environment that is reflected by the
hierarchical mosaic pattern of the vegetation at different
scales (Kovacs-Lang et al. 1997, 1998; Kertész & Bartha
1997). This study focused on the community scale, where
spatial heterogeneity appears in the scattered pattern of
stands of the same association with different species
composition. The main types of our study community
(Festucetum vaginatae) are determined partly by soil
moisture availability (Kérmoczi & Balogh 1990) and
other environmental constraints (Szujkd-Lacza & Kovits
1993). There is a lot of overlap in the coenological
character of these types and stochastic events have an
important role in the dynamics of the transitions (Fekete
1992).

Three sites were selected for a field experiment
within an abandoned farm at the edge of a strictly
protected sand dune area (46°52'88" N; 19°24'55" E).
The farm is surrounded by a mosaic of sandy grasslands,
Juniperus-Populus forests, black locust plantations and
arable fields. Two vegetation references were also se-
lected in the surrounding sandy grassland. Cultivation
of the field stopped in 1991 at one part of the farm and in
1995 at the other part. The sites were established along
an elevation gradient: the site at the lowest altitude was
probably a meadow community (Meadow = M), the
second is located in a depression (Depression = D) and
the third site was on top of a dune (Hummock = H).
Abiotic conditions of the field sites are summarized in
Table 1. A moisture and productivity gradient was evi-
dent from the driest and low productive (H) through an
intermediate (D) to the least dry and more productive
(M) area. Measured vegetative cover supports this trend
of abiotic conditions with the mean total cover of vascu-
lar plants of 28, 42 and 39% for H-, D- and M-sites,
respectively. The highest soil surface temperature (site
H) is evidently the result of topography, low organic
matter content and sparse vegetation.

The vegetation of the study sites and the reference
grassland were characterized by life strategy variables
(annual/perennial ratio and naturalness) and ecologi-
cal indicator values of species (Table 2). There were
important differences between the vegetation of the

Table 1. Abiotic variables of the study sites measured during the growing season of 1998.

Site Elevation Age of old- Mean coarse  Depth to finer Soil organic- Soil moisture Soil temp.
{ma.s.l) field (yr) sand in layer (cm) C (%) content (%) in in Oct.
0-30cm (%) June (0 - 10 em) {*C)
Meadow (M) 105 8 56.0 140 0.44 33 21
Depression (D) 106 4 46.3 70 0.26 7.3 20
Hummock (H) 107 4 55.3 > 200 0.12 4.2 23
Grassland 108 - 44.7 180 >0.5 5.0 20
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Table 2. Relative abundance of species of the dominant categories in the vegetation of study sites and an adjacent reference
grasslands. W = soil moisture requirement ( 12-category scale of Borhidi in Horvith et al. 1995): 1 = extremely dry habitats; 2 = xero-

indicators; 3 = xero-tolerants; 5 = semi-humid habitats. N = mineral nitrogen requirement (a 9-category scale): 1 = extremely poor;

2 = very poor; 4 = sub-mesotrophic; 5 = mesotrophic; 7 = N-rich habitat indicators. The relative abundance of the dominant nature
conservation types of Simon (in Horvith et al. 1995) reflects the ‘naturalness’ of the vegetation: disturbance tolerant species (DT),
weeds (We), natural pioneers (NP), natural community constituents (NC) and protected species (P).

Sites Ann./ perenn. ratio  Dominant W-category Dominant N-category Dominant nat. conserv. type
Meadow (M) 0.79 5(32.6 %) 2(24.5%) 5(34.9 %) 7(21.0 %) We (53.4 %)

Depression (D) 6.35 2 (46.5 %) 1(34.8 %) 4(23.4 %) NP (46.3 %) We (41.0 %)
Hummock (H) 0.29 3(79.6 %) 5(61.5 %) DT (61.5 %)

Grassland (G) 0.06 2(65.7 %) 1(20.0 %) 2(49.9 %) 1(35.0 %) NC (36.2 %) P (26.7 %)

reference grassland and the study sites, and also among
the study sites. Community constituents and many
endemic and protected species characterize the grass-
land. Annuals dominate the Depression site and peren-
nials dominate the native Grassland but the eight year
old Meadow had vegetative cover with a balanced ratio
of annuals and perennials. These findings support the
general observation that old-fields are dominated by
nitrophilous annual weeds and the natural community
by perennials. The vegetation of the Hummock does
not fit this rule; it has a relatively dense perennial
cover due to the dominance of Cynodon dactylon (60%),
a C4 type clonal grass, which had a dominant influ-
ence on the data. The moisture requirement catego-
ries (W) show the effect of the soil moisture gradient
(Table 2). Investigations of the surrounding area show
that the native vegetation of the experimental loca-
tions would be a particular type of sandy grassland
community assigned to the Festucetum vaginatae.
These are: M = subassociation salicetum rosmarini-
Joliae, D = subass. stipetosum or typicum and H =
subass. fumanetosum (Borhidi 1956; So6 1957).

Methods

The experiments were designed to represent the
heterogeneity of the region at the community scale and
to find an applicable low input restoration methodology,
which could be applied widely in nature conservation.
Three experiments were conducted, the concept of the
experimental design is indicated below.

1 2 3
Dosage Lab Efficiency Lab Field
Experiment Experiment Experiment

Variables studied:
site heterogeneity
C-addition — control

Variables studied: Variables studied:
C-sources and selected C-source
doses selected doses
N-saturated N-limited

Dosage lab experiment

The experiment was designed to test N-immobiliza-
tion efficiency of different carbon sources in laboratory
microcosms. Carbon sources (sucrose, starch, cellulose
and sawdust) and their combinations were applied at |,
2, 3 and 4 g/kg soil. Soil samples were incubated at a
moisture level of 8 vol. % at 22 °C. The available N of the
soil samples was originally low (3 - 8 mg/kg soil), min-
eral N (as KNO,) was added to the samples (50 mg N/kg
soil) to achieve more pronounced differences in the ef-
fects of various carbon sources. Nitrate-N and ammo-
nium-N content of the soil was measured during a 3-
month period. Soil moisture was checked and adjusted
every other day to keep it constant.

Efficiency lab experiment

The most effective carbon source combination was
sucrose plus sawdust (2 g C/kg soil each) and this was
used in the second experiment to simulate field condi-
tions. Soil moisture level and temperature were the same
as in the first experiment. Nitrate-N and ammonium-N
content of the soil was measured during a 3-month pe-
riod. Samples taken from the upper 10 cm of soil at the
sites selected for the field experiment were used for both
laboratory experiments (500 g soil/treatment with three
replications).

Field experiments

Sucrose and sawdust were selected for the field
experiment, as the most easily accessible of the tested
carbon sources. The field experiment commenced in
1998. Six treatment and six control plots (10 m x 10 m
each) were placed randomly at each site (M, D and H).
Based on the laboratory studies, 700 kg carbon-ha-!.
yr-! was spread by hand on treatment plots as sucrose
(1300 kg-ha™'-yr') and sawdust (300 kg-ha'-yr!). Su-
crose was applied four times during the growing season
while sawdust was spread only at the first treatment.
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Table 3. Schedule of the treatments and sampling in the field experiment; exp = exposure.

1998 16 April 29 April 27 May 23 June 29 June 15 July 1 Sept. 29 Sept. 14 Oct.
Treatment Sucrose Sucrose - Sucrose - - - -

(300 kg/a) (300 kg/ha) (300 kg/ha)

Sawdust Sucrose

(300 kg/ha) - - - - (400 kg/ha) -
Soil sampling Moisture Moisture Moisture - Moisture - - -

Available N Available -N  available-N Available-N

Cmic Cmic Cmic - - - -
Decomposition test 1% exp - 2 pxp - - 3d exp - = 2

(41 days) - (49 days) - {56 days) -
Surface temperature - - - - - X

Vegetation - -
sampling

Species cover -
estimation

Species cover - -
estimation

Soil samples were taken from 14 randomly selected
points at each plot from the upper 10 cm of the soil. For the
determination of basic soil characteristics, core samples
were taken from different depths (0 - 2 m) in 20 cm steps.
Treatments and sampling are summarized in Table 3. Soil
organic C was measured by wet digestion (Walkley &
Black 1934). Moisture content was determined gravi-
metrically after drying at 105 °C. Soil-available N (am-
monium and nitrate) was analysed using the steam dis-
tillation method (Bremner 1965). Microbial-biomass C
was determined using the chloroform fumigation ex-
traction method (Vance et al. 1987). To test decomposi-
tion rates, cellulose mesh bags (mesh size = 1 mm)
containing 2.5 g cellulose each were placed in the soil at
adepth of 5 - 8 cm and were replaced periodically. They
were exposed for 41 to 56 days (Table 3). Surface
temperature was measured by a Teletemp Corp. AG 42
type thermometer on 14 October. Statistical analyses
were performed by one-way ANOVA.

Vegetation was sampled in three permanent quadrats

—{— control —8— slcrose

—&— cellulose —&— sawdust

75
70
65
60
55
50
45
40
35

30
0] 20 40 60 80

days

Total available N (mg / kg soil)

Fig. 1. Dosage Lab Experiment. The effect of C-addition on
available N during incubation with 50 mg/kg nitrate-N (KNO,).
The amount of C-sources was 2g/kg soil. Significant differ-
ence between control and treatments at P < 0.05 are indicated.

(2 m x 2 m) in each plot. In case of the reference (natural)
site, 18 permanent quadrats were established at each
location. The cover of vascular species was determined
twice in 1998. Ecological indicator values of species were
established according to Horvith et al. (1995).

Results

Laboratory experiments

Carbon addition (C) in the Dosage Lab Experiment
resulted in a significant decrease of available N for all
treatments (Fig. 1). The intensity and duration of changes
were dependent on the C-source type. Available N de-
creased rapidly in the first 10 days, but increased after-
wards. Sucrose produced the most intensive effect during
the first three days, whereas sawdust kept the nitrogen
immobilized for the longest period, probably due to its
slow decomposition. The microcellular-structured cel-

- treatment =+ control

Total available N (mg / kg soil)

[=]

0 20 40 60 80
days

Fig. 2. Efficiency Lab Experiment. Changes of available N
during incubation without mineral-N addition. Treatment was
addition of sucrose plus sawdust (2 g/kg soil each). Confi-
dence intervals at 95% probability and significance at P <0.05
are indicated.
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Fig. 3. Changes in mean microbial biomass-C in the field experiment for the three sampled periods. Light-grey bars indicate average
values measured in control plots, dark-grey bars represent treated plots. M =Meadow; D = Depression; H = Hummock. Confidence
intervals at 95% probability and significance at P < 0.05 are indicated.

lulose-bead was slightly less effective than sawdust due
to lower surface contact with soil particles. The dose of
added C had a limited influence on the N-immobiliza-
tion rate, as the effects of carbon addition were signifi-
cant even at the lowest dose (1 g C/kg soil). The combi-
nation of sucrose and sawdust at an intermediate dose
(2 g/kg soil of each C-source) was selected for the
Efficiency Lab Experiment.

The results of the Efficiency Lab Experiment sup-
ported the efficacy of C-addition in N-immobilization
under field conditions (3 -8 mg N/kg soil) (Fig. 2).
After ca. 15 days of incubation N-mineralization caused
a significant increase (P < 0.05) in total available N up
to 15 mg/kg soil in the control samples, while the C-
addition treatments resulted in continuous low N-avail-
ability throughout the experiment. Sawdust was chosen
for the follow-up field application, because it was the
most easily available in practice.

Field experiment

Microbial biomass-C (Cmic) showed significant
(P < 0.05) differences between sites (Table 4), with
the highest values at M and the lowest at H (means of
269 and 108 pg/g soil, respectively). These results follow
the pattern of the abiotic conditions (Table 1). Elevation,
soil moisture and organic matter gradient from M to H is

the likely cause of the observed decrease in Cmic along this
gradient. No significant effect of C-addition was found on
Cmic (179 and 184 pg/g soil for control and treatment
plots), except for the third sampling at D (Fig. 3).

Decomposition rates of cellulose (Fig. 4) reflected
the differences in the Cmic between the sites (the lower
the biomass, the less decomposition of cellulose): with
mean values of 36.7, 25 and 10.6 mg/g cellulose per day
for M, D and H, respectively. The effect of treatment
was indicated by a higher residue of cellulose in most
cases, except for H, as a consequence of the presence of
a more easily available carbon source that decreased the
N-availability.

Sites also differed in N-availability (Fig. 5 and Table
4), M and D had similar values of total available N (6.1 and
6.0 mg N/kg soil respectively), but the proportion of am-
monium-N to nitrate-N was 3.7:2.4 at M and 4.1:1.8 at D.
Nitrogen availability was significantly lower at H (4.6 mg
N/kg soil), and the ratio of ammonium-N to nitrate-N
(3.5:1.1) was similar to that at D.

Available N was relatively high in the spring before
the treatments (6.2 mg/kg soil), and probably resulted
from over-winter decomposition and mineralization.
Ammonium-N was responsible for detected changes in
available N-content of soil, except for the sampling at
the end of June when both forms of inorganic N in-
creased. Carbon addition resulted in a significant de-

Table 4. Mean values of selected variables and the significance of their relationships. Means followed by the same letter are not

statistically significant (P < 0.05).

Variables Date Site Treatment
April  April  May June
16 29 27 29 Meadow Depression Hummock Control TREATED

No. of observations 36 36 36 36 48 48 48 72 72
Soil moisture (w%) 54a 3.9b 5.6a 4.2b 5.6a 5.2a 3.4b 4.7a 4.8a
Cmic(mg/g soil) 175a - 183a 187a 269a 167b 108¢ 179 184a
NH,-N mg/kg soil 5.1a 2.9b 3.1b 4.0¢ 3.7a 4.1a 3.5a 3.8a 3.8a
NO,-N mg/kg soil l.1a 1.2a l.4a 3.4b 24a 1.8a 1.1b 2.3a 1.2b
NH,+NO,-N mg/kg soil 6.2a 4.2a 4.5a 7.3b 6.1a 6.0a 4.6b 6.1a 5.0b
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Fig. 4. Cellulose residues in the decomposition test in the field experiment for the three sampled periods. Stipulated bars indicate
average values measured in control plots, cross-hatched bars represent treated plots. M = Meadow; D = Depression; H = Hummock.
Confidence intervals at 95% probability and significance at P < (.05 are indicated.

crease in N-availability due to the changes in nitrate-N
for the entire study (Table 4). The influence of treatment
was more pronounced at the D and H sites (Fig. 5) which
had lower organic C (Table 1). At the M site, the highest
Cmic (Fig. 3), organic C and moisture resulted in high
rates of decomposition of cellulose and greater amount of
available N both in control and treatment plots.

Discussion

Several studies have shown that the addition of
carbon to soil increases microbial activity and, as a
result, nitrogen becomes immobilized (Klein et al. 1996;
Paschke et al. 1996; Zink & Allen 1998; Mary et al.
1996). This manipulation with microbes is important in
restoration activities (Biro et al. 1993; Haselwandter
1996) when slow release of available N provides com-
petitive advantage for native perennials over annuals
with a rapid N-uptake (McLendon & Redente 1992a, b;

prior to the 1st treatment 2 weeks after the 1st

¥ treatment

= 12
° n.s.
5 10 - P
< 8 o n.s.
E n.s. 8
= n.s.

6
@
2 6 n.s.
=
g ! 4
o
g 3 2
'E H

0 0

M D H M o] H

Whitford et al. 1988).

The present study made the first steps towards the
determination of a restoration methodology to be used
in the sandy region of Hungary, which can be adapted to
the different environmental constrains occurring in the
area. The laboratory experiments were conducted to iden-
tify the most effective and cost-effective carbon source to
reduce nitrogen availability in the soil. The selection
made was supported during the field trials. The results
demonstrated that carbon addition is applicable under the
local circumstances for nitrogen immobilization although
it should be noted that abiotic and biotic conditions can
influence the efficacy of the method. A significant de-
crease in N-availability was found after successive treat-
ments, while an increase in microbial biomass was only
observed in a few cases (Fig. 3). Decomposition rate
decreased in treated plots at site D, this could be ex-
plained by lower microbial activity in N-limited condi-
tions (Fig. 4). As a result of C-addition, there was a
significant decrease in soil nitrate-N content this variable

1 month after the 2nd 1 week after the 3rd

treatment treatment
12 12
10 10
n.s
8 n.s. * 8
6 6
4 4
2 2
0 0
M D H M D H

Fig. 5. Changes of available N in the soil of the control and treated plots in the field experiment. Stipulated bars indicate average
values measured in control plots, cross-hatched bars represent treated plots. M = Meadow; D = Depression; H = Hummock.
Confidence intervals at 95% probability and significance at P < .05 are indicated.
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appears to be the most sensitive to carbon addition.

The influence of C-addition was more pronounced
where the organic matter content and soil moisture were
lowest. It is assumed that organic matter functions as a
main source of nitrogen. These features caused rapid
mineralization and immobilization activity in a short
time alternating with longer microbiologically inactive
periods. Mary et al. (1996) found a correlation between
the quantity of carbon addition and the nitrogen immo-
bilization rate in laboratory experiments. The maximum
net nitrogen immobilized was between 61 mg N/g C
(sucrose) and 27 mg N/g C (maize, straw). In our labo-
ratory experiments sucrose and sawdust addition (2 g/kg
soil each) resulted in 34.5 and 14 mg N/g C maximum
net nitrogen immobilized. According to these results, a
larger dose of carbon source would be needed to signifi-
cantly effect N-availability in soils with a higher organic
matter content.

Temporal dynamics of N-cycling seemed to corre-
spond with vegetation development. Ephemeral spring
annuals and perennials influence N-dynamics by early,
intensive N-uptake which stops by late May when
they senesce and allow available N to rise (Lhotsky
1998). Species with high growth rates in spring were
detected at each site: Poa bulbosa, Bromus tectorum and
Secale sylvestre (sum of relative abundances 13.8%) at M,
B. tectorum and S. sylvestre (14.2 %) at D and H (16%).

The next step in the determination of a suitable
restoration methodology will be to evaluate the re-
sponse of vegetation to carbon addition over several
years. A growth response of perennial native plants was
observed after three years of treatment in a coastal sage
scrub habitat (Zink & Allen 1998). Similarly, compo-
sitional differences between control and carbon addition
plots were detectable after three years on short grass
steppe in Colorado, USA (Paschke et al. 1996).

The age of old-fields has an important influence on
restoration results because a short time since abandon-
ment reduces the chance of establishment of perennial
(mainly clonal) weeds which can block the succession
process (Oborny & Bartha 1995).

It is concluded that soil organic matter and moisture
content must be considered when carbon addition is to
be used as a restoration tool. Monitoring of the available
N in the soil is an appropriate method to follow the
efficiency of the treatments under field conditions.
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