
Introduction

Enrichment of atmospheric CO� increases below-ground

carbon allocation and induce long-term changes in water and

nutrient availability in soil (Campbell and Stafford Smith

2000). Enhanced C source as well as altered water and nutri-

ent status generate substantial structural changes in the soil

food webs. Nematodes are believed as the most abundant and

functionally most important animal group in the grassland

soil (Bardgett et al. 1999). Besides, nematode communities

are sensitive indicators of several environmental distur-

bances (Bongers and Bongers 1998, Bongers and Ferris

1999, Ferris et al. 2001). Therefore modification of the

nematode community structure seems to be suitable tool for

detecting the effects of elevated air CO� concentration, and

these changes may have essential influence on biological in-

teractions and integrating processes in soil.

Studies with elevated CO� concentration in natural or

seminatural grassland ecosystems reported idiosyncratic re-

sults when nematode density was considered. No effect

(Newton et al. 1995, Hungate et al. 2000, Sonnemann and

Wolters 2005, Niklaus et al. 2007), slight increase (Yeates et

al. 1997) and decrease (Niklaus et al. 2003) was also found.

Elucidation of these results is still not given. Differences in

local environmental factors as soil type and differences in

soil food web processes are believed to account for these dif-

ferences (Drigo et al. 2008). The reaction of the plant feeder

nematodes to elevated air CO� seems to be more definite. Ac-

cording to the results of eight experiments conducted in vari-

ous grasslands, CO� elevation either did not influence or en-

hanced the density of the plant feeder nematodes (Wilsey

2001, Ayres et al. 2008.). Consequently, separate study of the

plant feeders and the other nematode feeding groups seems

to be reasonable. It is supposed that increased density of the

herbivorous nematodes is an indirect effect which is induced

first of all by increased root production (Ayres et al. 2008).

Nematode community structure was changed due to ele-

vated CO�concentration in several cases in grassland ecosys-

tems as well. A change in feeding group composition may be

one of the effects. Increase of bacterial feeder and decrease

of fungal feeder nematodes was observed by Yeates et al.

(1997), Drigo et al. (2007, 2008). Neher et al. (2004) found
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Abstract: Long-term effects of the elevated atmospheric CO� on biosphere have been in focus of research since the last few

decades. In this experiment undisturbed soil monoliths of loess grassland were exposed to an elevated CO� environment (two-

times the ambient CO� level) for a period of six years with the aid of the open top chamber method. Control without a chamber

and CO� elevation was applied as well. Elevated CO� level had very little impact on soil food web. It did not influence either

root and microbial biomass or microbial and nematode community structure. The only significant response was that density of

the bacterial feeder genus Heterocephalobus increased in the chamber with elevated CO� concentration. Application of the open

top chambers initiated more changes on nematodes than the elevated CO� level. Open top chamber (OTC) method decreased

nematode density (total and plant feeder as well) to less than half of the original level. Negative effect was found on the genus

level in the case of fungal feeder Aphelenchoides, plant feeder Helicotylenchus and Paratylenchus. It is very likely that the

significantly lower belowground root biomass and partly its decreased quality reflected by the increased C/N ratio are the main

responsible factors for the lower density of the plant feeder nematodes in the plots of chambers. According to diversity profiles,

MI and MI(2-5) parameters, nematode communities in the open top chambers (both on ambient and elevated CO� level) seem

to be more structured than those under normal circumstances six years after start of the experiment.

Abbreviation: OTC– Open top chamber.



similar result in forest ecosystem. On the other side, Hungate

et al. (2000) and Niklaus et al. (2003) did not find such re-

sponse. Alteration in the densities of the fungal and bacterial

feeder nematodes is an indirect effect of the microbial com-

munity structure and activity, because the populations of

these nematodes are strongly linked to their food source, the

fungal and bacterial biomass. Modification of the c-p com-

position was noticed by Niklaus et al. (2003), who detected

decrease of large omnivores and predators in CO� elevated

chamber. This finding was explained by smaller soil aggre-

gate sizes, consequently reduced pore sizes as an indirect ef-

fect of elevated CO� concentration.

Genus level response of nematodes to elevated CO� was

examined in relatively few cases. Yeates et al. (1997) found

that the densities of Rhabditis, Pungentus and Trichodorus

decreased and those of Meloidogyne, Monhystera, Dory-

laimus, Mesodorylaimus, Eudorylaimus, Aporcelaimidae,

Labronema, Tylencholaimidae and Alaimus increased due to

elevated CO� concentration. Decrease of bacterial feeder

genera was explained by enhanced density of omnivorous

and predatory nematodes. In another study, density of

Cervidellus decreased, but that of Tylenchus, Aphelenchus,

Panagrolaimus, Labronema, Aporcelaimus, Longidorus,

Dorylaimellus, Tylencholaimus, Clarkus and Alaimus in-

creased (Yeates et al. 2003). The reason of changes in taxon

structure was not apparent. In general, the genus (species)

level response of nematodes to elevated air CO� concentra-

tion is hardly known.

The main aim of present study was to evaluate (i) which

nematode groups are sensitive to CO� elevation, (ii) whether

the elevation of the CO�concentration in a period of six years

induces stable differences in nematode community structure

or not in a grassland soil. In particular, attention was paid to

separate the effects of the experimental setup (open top

chamber methodology).

Materials and methods

The studied vegetation is a xeric temperate loess steppe

(Salvio-Festucetum rupicolae pannonicum) (Zólyomi and

Fekete 1994) situated at the border of the Hungarian Great

Plain (Albertirsa, Monor-Irsa hills, 48 km south east of Bu-

dapest) at 160 m altitude a.s.l. The parent rock is sandy loess

and loess with thick humus-and nutrient-rich A layer (humus

layer: 100 cm, humus content: 6.1% and available nitrogen:

14.2 g m
��

). The original grassland is made up of more than

90 species. The open air CO� fumigation experiment was car-

ried out in the Botanical Garden of Szent István University

(formerly: Agricultural University) at Gödöllõ (28 km east of

Budapest). The climate of the two locations did not differ:

temperate continental with hot dry summers; mean annual

precipitation 500 mm or less; annual mean temperature of

11
�
C; and large annual amplitude of temperature changes

(22
�
C).

The CO� exposure was carried out in the Global Climate

Change and Plants Long-term Experimental Ecological Re-

search Station (Gödöllõ, 28 km east of Budapest) for 6 years.

using open top chambers with a total surface area of 1.2 m
�

(Ashenden et al. 1992). (Tuba et al. 1996). 50 cm x 50 cm x

30 cm monoliths were extracted from the grassland and four

monoliths were transplanted into the open top chambers

(Tuba et al. 1996, Szerdahelyi et al. 2004). The soil in the

chambers was removed and it was replaced by soil from the

profiles where the monoliths had been collected from. Four

weeks after the transplantation of the monoliths the grass was

cut. Following a two-month adaptation period, the monoliths

were exposed gradually, over a 4 weeks period, to 700 µmol

mol
��

CO�. The elevated CO� treatments were maintained at

700 µmol mol
��

and the present CO� treatments at 350 µmol

mol
��

. The air CO� concentrations in the elevated and present

CO� chambers were maintained as described earlier (Tuba et

al. 1996). The monoliths were not watered.

During the whole six years of the experiment three dif-

ferent treatments were applied as follows:

• Control in chambers at ambient (present-day) (approxi-

mately 350 ppm) CO� concentration (labelled as ambi-

ent chamber),

• Elevated CO� concentration (approximately 700 ppm)

(labelled as elevated chamber),

• Absolute control plots without chambers at ambient

(present-day) CO� concentration (labelled as open con-

trol).

Two replicates were applied for each treatment.

For belowground root biomass measurements, 3 soil

cores of 6.25 cm in diameter were removed to a depth of 30

cm from each plot (n = 3). Then soil samples were sieved and

root fragments were washed and oven-dried at 90 °C till con-

stant mass and weighted. Carbon and nitrogen content was

measured using Dumas dry combustion method (NA 155 an-

alyser) on pulverized plant samples. Soil water content was

measured by standard thermogravimetric way.

Microbial biomass was determined after Vance et al.

(1987). For microbial biomass-C (C���) calculation the equa-

tion from Wu et al. (1990) was applied. Microbial respiration

(M��	
) was determined chromatographically, at ca. 9°C, in

the dark. Richness of the microbial community was esti-

mated by the BIOLOG method. The method of Vahjen et al.

(1995) was used to measure the number of used substrates

after 48h incubation (substrate richness, SR48). Average

well color development after 48h incubation (AWCD48) was

measured after Garland and Mills (1991) and Zak et al.

(1994).

Soil samples for nematological survey were taken in

May, 2000. Bulk composite samples were taken from the up-

per 0-30 cm depth (approx. 100 g as 5 subsamples/plot) of

which an amount of 5 g was extracted from each plot. Ap-

plied extraction method was the wet funnel technique (modi-

fied Baermann funnels). After fixing with 80-90 °C hot for-

malin (cc. 8%), samples were stored until further processing.

Nematodes were possibly identified to genus level.
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Nematode density data were transformed by ln���� to

achieve normality of data. Planned-Comparison ANOVA

was used to determine the amount of variance attributed to

the experimental factors of experimental setup and elevated

CO� effects on density of different nematode taxa investi-

gated in this study, density of feeding groups and c-p groups.

C-p group classification is as defined by Bongers (1990). All

planned comparisons of means were performed by LSD test.

Maturity Index (MI) values were calculated for nematode as-

semblages in each sample according to Bongers (1990). MI

(2-5) was calculated on a similar way except that c-p1 group

was neglected (Korthals et al. 1996). PPI is the equivalent of

the MI for plant feeder nematodes (Bongers, 1990). It was

calculated as MI, but only plant feeder nematodes were taken

into account. Enrichment Index (EI) and the Structure Index

(SI) was also evaluated. EI and SI were calculated according

to Ferris et al. (2001). The composition of the different feed-

ing groups and c-p categories of each treatment were com-

pared by nonparametric chi
�

test. MI, MI(2-5), PPI, EI and

SI value were compared by the median test, a version of the

Kruskal-Wallis ANOVA. The chi
�

and median test was per-

formed by the STATISTICA for Windows 5.0 software

package (TULSA).

Centered principal component analysis (PCA) was per-

formed to compare the nematode taxon compositions of the

different treatments. The ordination was started from the ma-

trix where the different genera composed the columns and

the experimental plots formed the rows. The matrix was com-

pleted with the ln���� transformed nematode density data.

The SYN-TAX-pc statistical program package (Podani,

2001) was used for these analyses. Diversity profile analysis

was performed by Species Diversity and Richness software

(Seaby and Henderson 2006). Rotylenchulus was omitted

from both the PCA and diversity analysis because of the ex-

tremely large difference in density of this genus in ambient

chamber I and II samples (see standard deviation in Table 2).

Results

During the vegetation periods under elevated air CO�

(elevated chamber) there was significantly higher soil water

content, than in the open control and ambient chamber plots

(Table 1). Elevated air CO� decreased the belowground root

biomass, which was also lower in the ambient chamber plots

than in the open control ones (Table 1). C/N ratio of below-

ground biomass was slightly increased in the chamber plots,

with a higher rate of increase under elevated air CO� (Table

1). There was no significant difference between the treat-

ments in this respect. Treatments did not alter significantly

the microbial parameters (Table 1). However, microbial

biomass-C and bacterial activity was lower in the open con-

trol treatment comparing to the other two. Microbial respira-

tion was lower in the elevated chamber soil, but the differ-

ence was statistically not significant. Bacterial functional

diversity was similar in all treatments.

Ambient chamber and elevated chamber data were com-

pared in order to study the effects of elevated air CO� on soil

nematode community. The total number of the nematode

taxa (genus richness) and nematode density, as well as plant

feeder and other feeding groups did not differ considerably

between the treatments (Table 2). Elevation of CO� level in-

fluenced the density of only one nematode genus. Density of

the bacterial feeder genus Heterocephalobus increased in the

chambers with elevated CO� concentration. Feeding group

composition did not differ between the treatments. Plant

feeder nematodes were dominant in both plots (Table 3).

Their dominance (expressed as percentage) was higher than

60 % in each case. The composition of the c-p categories was

not influenced significantly by treatments. The c-p3 group

dominated in the ambient chamber plot, and the c-p2 group

in elevated chamber plot soil (Table 4). Long-term elevation

of CO� level did not generate significant changes in soil

nematode community structure. Slightly lower MI, MI2-5

and PPI were found in elevated than in ambient chamber soil

(Table 5). Elevated CO� did not change the values of EI and

SI. Neither EI nor SI was different comparing elevated to am-

bient chamber. Both PCA and diversity analyses gave basi-

cally similar results. PCA analysis showed that the first two

axes explain 62.6% of the total variance (40.5% and 22.1%

on the first and second axis, respectively). PCA scores for the

ambient and elevated chamber nematode community were
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close to each other (Fig.1). Furthermore, the diversity pro-

files were also very similar in both treatments (Fig. 2).

The effect of the OTC methodology is confirmed by sev-

eral parameters studied. The total number of the nematode

taxa (genus richness) did not differ considerably between the

treatments. However, significantly higher density of total

nematodes and plant feeder nematodes was found in open

control than in ambient chamber soil. Applying chambers in-

fluenced the density of several nematode genera as well. The

density of the bacterial feeder Heterocephalobus increased,

but the fungal feeder Aphelenchoides, plant feeder Helicoty-

lenchus and Paratylenchus decreased significantly due to the

application of the OTC methodology (Table 2). The density

of the plant feeder nematodes and nematodes belonging to

the c-p3 group was significantly lower in chamber soils inde-

pendently from the air CO� concentration. MI, MI2-5 in-

creased, PPI and PPI/MI decreased due to application of the

open top chambers (Table 5), but the difference was not sta-

tistically significant. Neither EI nor SI was different in open

control and ambient chamber soil (Table 5). Open control
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plots were clearly separated from the ambient chamber soil

according to the PCA and diversity analysis as well. Nema-

tode communities in open control and ambient chamber soils

were different according to both PCA scores and diversity

profile curves. Differences were detected first of all after the

common taxa diversity (right side of the profiles), while the

diversity of the rare taxa was rather similar (left side of the

profiles).

Discussion

In recent studies by Pendall and co-workers (Pendall et

al. 2004a, 2004b) a significant increase of root biomass

(23%) was observed, which was related to the increase of rhi-

zodeposition. However, response of the root biomass in our

study is consistent with previous works in intact native grass-

land systems, which have revealed that significant stimula-

tion of the size of root systems (biomass, length density or

root number) is not an universal response to elevated CO�

(e.g., reviewed by Tuba et al. 2003). Air enrichment in CO�

has generally considerable impact on soil microbiota due to

the changes in the soil organic C dynamics, especially in rhi-

zosphere soil (Drigo et al. 2008). No such effect was found

in this experiment. The reason of this may be that the main

driving factor is the plant-derived organic C. However, the

root biomass was not stimulated by elevated CO� in this ex-

periment. One of the measures of the higher carbon input is

the enhanced soil CO�–production (Zak et al. 2000). The

slightly lower microbial respiration values found in the ele-

vated chambers may be a consequence of low C input to the

soil in this research.

The effect of elevated CO� on density of the nematode

community is unpredictable (Niklaus et al. 2003, Ayres et al.

2008). In most experiments, which were conducted in grass-

lands, no effect was found to this parameter. This was the

case in our experiment as well, because nematode density re-

mained unchanged independently whether total or plant

feeder density was considered. It is generally accepted, that

nematode density is coupled to microbial biomass and com-

munity structure (Bardgett 2005). Our result may be ex-

plained by the fact that neither the root biomass, nor the mi-

crobial parameters were influenced by elevated CO�.

Therefore the soil organic C dynamics, the main driving

force of soil food web structure, remained unchanged. This

reaction is typical for bulk soil (Drigo et al. 2008).

Increase of the density of plant feeder nematodes is the

main reason of the enhanced nematode density on CO� en-

riched plots in many cases (Hoeksema et al., 2000, Hungate

et al. 2000). The root feeder Longidorus elongatus density

increased more than four-fold under elevated CO� conditions

(Yeates et al. 2003). Relative density of the root-hair feeder

nematodes increased only in the first year in a grassland as a

consequence of elevated CO� (Sonnemann and Wolters

2005). Similarly to our results, Wilsey (2001) found no CO�

effect on Pratylenchus penetrans density in Phleum pratense

and Poa pratensis soil. No response of plant feeder nema-

todes to elevated CO2 seems to be the most common phe-

nomenon in grassland soils (Ayres et al. 2008).

Nematode density may be negatively related to soil mois-

ture in grassland soils (Bakonyi and Nagy 2000). In the con-

trary, positive soil moisture effect was found on plant feeder

nematode density by Verschoor et al. (2001) and Todd et al.

(1999), but Smolik and Dodd (1983) did not observe any ef-

fect. In our study, an increase of soil moisture content was

measured in elevated chamber soil, but this effect did not in-

fluence neither total or plant feeder nematode density. It

seems to be likely that the unaffected belowground root

biomass and C/N ratio are the main responsible factors for

the unchanged density of the plant feeder nematodes in the

elevated air CO� plots of our experiment. In conclusion,

nematode community response to elevated CO� seems to be

extremely variable depending on the ecosystem properties

and processes. In our case, very little response of nematode

community to the six years long elevation of air CO� concen-

tration was found.

Significant effects of the method applied were detected

in some cases in experiments where elevated air CO� was

used. The effects of the OTC methodology on microclimatic

conditions and plant communities are well known (Tuba et

al. 2003), but this effect on nematode communities is seldom

demonstrated. Effects of methodology was found by Niklaus

et al. (2003) who used screen aided CO� control (SACC)

methodology on the field. Results of the present experiment

show clearly that the six years long application of open top

chamber significantly influenced several parameters of the

soil nematode community. Decreased overall and plant

feeder nematode density due to chamber application was ob-

vious. Inverse relationship between MI and PPI is a common

event (Bongers and Ferris 1999). This may be so because

plant feeder nematodes depend not only on the biomass, but

on the qualitative composition of the plant community as

well (DeGoede and Bongers 1998). However, higher com-
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munity diversity (demonstrated by diversity profiles) cou-

pled with enhanced MI, MI(2-5) indicated clearly that OTC

methodology improved nematode community diversity in

soil. Besides, some genus level effects were also found due

to the methodology applied. Bacterial feeder Heterocepha-

lobus became more, while plant feeder Helicotylenchus and

Paratylenchus less abundant in soil of the chambers com-

pared to the open control. Decreased density of plant feeder

genera may be coupled with less total root biomass in ambi-

ent chamber soil because of food source limitation. It should

be noted, however that effects of root quality are not known.

Nematode community analyses based on traditional nema-

tological parameters as well as on multivariate methods

showed evidently that nematode communities living under

the conditions constituted by the OTC device had lower den-

sity, but better structure compared to the control six years af-

ter exposition.
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