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1. Scientific preliminaries and objectives 

 

Soil respiration is the second largest CO2 flux after photosynthesis on the Earth, between 

biosphere and atmosphere. Relations between atmosphere and soils, however, alter from biome 

to biome, from ecosystem to ecosystem. Carbon cycle of grasslands and ecosystems of 

transitional, mosaic-like characteristics is significant due to its high sensitivity to the predicted 

climate change and other global (e.g. land-use) changes. These habitats may be not only carbon 

sinks, but also carbon sources, depending on the actual weather conditions and land-use. On the 

other hand, these ecosystems are usually exposed to frequent and large weather fluctuations, 

thus they have higher adaptive capacity to cope with these fluctuations (COLLINS et al. 2008). 

 The sandy forest-steppe vegetation of the Kiskunság, investigated in the present study, 

belongs to these transient habitats (FEKETE & VARGA 2006), with characteristic environmental 

extremities as large temperature fluctuations, and very low nutrient content and frequent 

desiccation of the sandy soil in summer. This ecosystem, with its hierarchical, mosaic-like 

vegetation structure, plays a key role preserving the unique biodiversity of the European 

Pannonian Ecoregion (KOVÁCS-LÁNG et al. 2000). In the Pannonian region, beside the global 

increase in temperature, a decrease in precipitation is also expected, above all during the 

vegetation period (MIKA 2003). Accordingly, we established a climate experimental site in the 

frame of our EU FP5 VULCAN project near Fülöpháza, Kiskunság, in a vegetation of fine scale 

mosaic of open grassland and white poplar shrubland (BEIER et al. 2004). Here, since 2003, 

changes in soil respiration due to passive nighttime warming and drought treatment during the 

vegetation period were measured. High fluctuations of temperature and soil moisture under the 

semiarid climate were further enhanced by the warming and the precipitation exclusion of our 

climate simulation experiment, offering good occasion to study soil respiration under a wide 

range of environmental factors. In this PhD work I present the results of my soil respiration 

studies, and related investigations between 2003 and 2008. Main goals of my work were to 

identify the dominant environmental factors determining soil respiration, in the white poplar 

shrubland mosaic of the Pannonian sandy forest-steppe, and modelling CO2 efflux of this 

ecosystem. Since there are scarce of data on carbon cycle, particularly on soil respiration of such 

type of semiarid ecosystems (BALOGH et al. 2011), my research may highly contribute to better 

understanding of these habitats. Additionally, during my study I could investigate soil 

respiration under a wide range of temperature and moisture conditions, permitting the study of 

high variability of environmental factors and the expectable effects of climate change. Although 

volume of the carbon cycle of the studied forest-steppe mosaic is relatively low, it is highly 

sensitive to the external effects and the environmental conditions, just due to its transient 
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situation and because its behaviour either as carbon sink or source, depending on the actual 

weather, thus future climate and land-use changes may have significant impacts on its functions. 

Aims and scopes based on the six-year study: 

1. Quantification of the intensity of soil respiration in a mosaic of the semiarid sandy forest-

steppe of the Kiskunság, dominated by white poplar shrubs (Populus alba L.) and the 

perennial fescue (Festuca vaginata W. et K.). 

2. Description of the daily, seasonal and annual courses of the CO2 efflux. 

3. Investigaton of the impacts of the applied heat and drought treatments in the climate field 

experiment, based on the climate prognoses. 

4. Description of the soil activity of the studied ecosystem based on microbial biomass 

investigations. 

5. Study on the relationships between annual precipitation, annual amount of poplar leaf litter, 

and soil respiration. 

6. Developing an empirical model of soil carbon dioxide efflux, integrating both temperature 

and moisture controls and interactions in the model. 

7. Estimating annual soil carbon fluxes of the Populus alba sprouts and Festuca vaginata 

dominated stand of the semiarid sandy forest-steppe applying different models. 

8. Forecasting the direction and magnitude of soil respiration response of this ecosystem to the 

predicted regional climate change. 

 

2. Material and Methods 

The studied stand of the Pannonian sandy forest-steppe is dominated by the deciduous clonal 

tree or shrub (Populus alba L.) and the perennial C3 bunchgrass (Festuca vaginata W. et K.). 

The coarse sandy soil (Calcaric arenosol, FAO) has low organic matter content (<1%), and has 

extreme heat and water regime. In the region mean annual temperature is 10.4°C, yearly 

precipitation is 505 mm (1961-90, 30-year-average). Monthly mean temperature ranges from 

-1.9°C (January) to 21.1°C (July) with an average of 16.4°C in the vegetation period (April-

October). Peak precipitation usually occurs in June (72.6 mm), often followed by a midsummer 

drought (OMSZ 2001). Associated with this climatic pattern, the growth of the dominant 

perennial C3 grass also follows bimodal annual course: the first peak appears in May and June, 

while the second one in September, following the summer drought (KOVÁCS-LÁNG 1974). The 

activity of poplar clones is continuous in the vegetation period owing to their clonal integration 

(KRÍZSIK & KÖRMÖCZI 2000). Low temperatures in winter induce a winter dormant period. Thus 

vegetation is adapted both to low winter temperature and to summer drought under this 

temperate, semiarid climate. 



 3 

 In the frame of the EU FW5 VULCAN Project (BEIER et al. 2004) a plot-sized climate 

manipulation field experiment was established in 2001, inside the area of the Kiskunság 

National Park. Changes in climate forecasted to the region were reproduced by an experimental 

manipulation of the microclimate on 4x5 m plots, applying passive nocturnal warming 

throughout the year, or drought treatment, achieved by excluding precipitation from the plots in 

May and June. Beginning in 2003, soil respiration was measured once per month, at dawn and at 

the following noon, except for winter months (December – March) when the soil surface was 

usually frozen or covered by snow. Measurements were made by an open infrared gas exchange 

system (ADC Leaf Chamber Analyzer 4, ADC BioScientific, Hoddesdon, U.K.). Environmental 

variables were recorded during soil respiration measurements, directly on the same permanent 

spots. Soil temperature was recorded in 1 cm depth by the ADC LCA-4, volumetric soil 

moisture content was measured over 0-11 cm depth by a TRIME-FM TDR (IMKO 

Micromodultechnik, Ettlingen, Germany) handheld device, and data recorded at a nearby 

(~1 km) standard meteorological station were also used. For statistical evaluation, plot means 

(n=3) were used as raw data. The effects of time and experimental treatments were tested by 

Repeated Measures ANOVA followed by Tukey post hoc tests for the comparison of means. 

Dawn and midday data were analyzed separately, except for soil moisture where only midday 

data were used. Soil respiration data were log transformed to improve homogeneity of variances. 

Normality of residuals was checked by Q-Q plots. 

 For microbial biomass studies, samples were taken in 2004 and 2005. Investigations of 

microbial carbon and nitrogen content were conducted in the laboratory of the Research Institute 

for Soil Science and Agricultural Chemistry (RISSAC) of the Hungarian Academy of Sciences, 

by chloroform fumigation-extraction and substrate induced respiration methods. Predominant 

amount of annual litter consists of Populus alba leaf and branch litter. Ltter was collected from 

the litter plates in the experimental plots in November or December of the given year, after litter 

fall, then measured in air dried condition. Litter amounts referred to area were then calculated. 

To study litter decomposition of the dominant species litter-bag method was applied. Litter bags 

were sampled after 2, 6, 12 and 24 months of incubation time. Litter decomposition rate was 

calculated by the weight loss of the chronosequently collected litter samples, estimated as the 

percent of the starting values. Relationships between soil mean annual CO2 efflux, annual 

precipitation and annual litter were analysed by linear regression. Impacts of climate treatments 

(control, warming, drought treatments), years (2004 and 2005), and soil depth (0 to 10 cm and 

10 to 20 cm) on microbial biomass were pairwise analysed by two-way ANOVA, as plots were 

involved  as a random factor. 
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 To elaborate an empirical model of the temperature and moisture sensitivity of soil 

respiration, also plot means were used as units of the statistical analyses. The dataset was 

analysed as a whole for revealing temperature and moisture dependence of soil respiration apart 

from direct treatment effects. Three different models were fitted for the temperature dependence 

of soil respiration: the exponential (VAN’T HOFF 1898), the Gaussian (O'CONNELL 1990) and the 

Lloyd-Taylor (LLOYD & TAYLOR 1994) models. The potential effect of soil water content on 

soil respiration was analysed according to three different hypotheses: 

1. there is no effect of soil water content, 

2. the effects of soil water content and soil temperature are additive, 

3. there is an interaction between soil water content and soil temperatures. 

Combining the three temperature dependence functions and the three hypotheses of soil water 

effect resulted in nine models. Since I did not have any a priori knowledge about the functional 

form of soil water effect, I treated it as categorical variable. Moisture categories were created by 

fitting decision tree models using conditional inference framework, resulted in different soil 

moisture cut-off points depending on the applied temperature functions. To compare the 

performance of soil respiration models with different number of parameters, Akaike Information 

Criteria (AIC) was used, that combines fit and complexity of models; its lower value indicates 

better model. Comparisons of moisture models in pairs (no moisture effect to additive and 

additive to interactive moisture effect) separately by the different temperature models were 

conducted using F-test. To compare the models described above, I estimated their parameters 

using the six-year dataset, and then computed annual respired CO2 by using each model and also 

the annual meteorological data from the standard meteorological station. 

 

3. Theses 

 
1. Soil carbon efflux rate in the Populus alba and Festuca vaginata dominated stand of the 

semiarid sandy forest-steppe of Kiskunság remained very low compared to other ecosystems 

– during the six-year study it ranged between 0.09 and 1.94 mol CO2 m
-2 s-1. 

2. Mean values of CO2 efflux changed significantly by years, months and time of the day. The 

highest value was measured in September of 2008, while the lowest one in the summer of 

the particularly dry and warm year of 2003. Seasonally clear temperature limitation in 

winter and water limitation in summer were detected, independent of the treatments. During 

the day, soil respiration rate was significantly lower at dawn than at midday. 

3. Heat and drought treatments applied by the predicted climate change for this region had 

impacts on soil respiration depending on the time of the measurements. Soil carbon efflux 
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rate decreased under both treatments compared with the control, but only the impact of 

drought treatment was significant. 

4. According to the microbial biomass studies, treatments had no significant impact neither on 

the microbial carbon content, nor on the nitrogen content, but significant difference 

happened in the amount of the microbial biomass between the upper 10 cm and the 10 to 

20 cm soil layer, which represented a relationship with the differences in soil organic matter 

content. Comparing the data of 2004 and 2005, in 2004 the microbial carbon content was 

significantly lower, which may be the consequence of the extreme drought in 2003, followed 

by low productivity in 2004. 

5. Average CO2 efflux in the vegetation period didn’t show any correlation neither with the 

amount of Populus alba litter, nor with the precipitation of the vegetation period, but 

significant relationship between precipitation (April to October) and the next year litter 

arose. It means that leaf production showed a close connection with precipitation of the 

previous year. 

6. Comparing the fitting of exponential, Lloyd-Taylor and Gaussian temperature functions for 

the studied six-year data series, the Gaussian function showed the best fit. Involving soil 

moisture as interactive predictor and categorial variable into the model, fitting was improved 

significantly. In this model the optimum temperature of CO2 efflux is around 35°C, while 

threshold values of soil moisture effects on temperature sensitivity were identified at 0.6, 4.0 

and 7.0 Vol%, related well to known limits for biological activity in this coarse sandy soil. 

7. Annually respired CO2 calculating for each of the above presented models ranged between 

123 and 140 g C m-2 yr-1 as a six-year average. The difference in the estimated annual 

respiration of CO2 among the six years between the generally used exponential temperature 

function without moisture effect, and the Gaussian function with interactive moisture effect 

considered as the best, was 9.8%. This difference was 15.4 and 7.4% in 2003 and 2005, 

respectively. 

8. The expectable changes in soil respiration in the light of the predicted regional climate 

change were approached comparing model estimations related to the extremely dry 2003 

with extremely warm summer and the average year of 2005. Based on our calculations by 

the Gaussian model with interactive soil moisture control, which gave the best fit to our 

dataset, a 6.5% decrease in annual CO2 emission could be detected as short term effect of 

extreme aridity in 2003. 
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4. Discussion 

Soil respiration rate in the nutrient poor sandy soil of Kiskunság, based on a six-year study 

conducted under a field experiment in a semiarid, temperate forest-steppe, was rather low 

(BALOGH et al. 2011). Additionally, soil respiration even decreased as a consequence of both 

year-round nocturnal warming and rain exclusion in the peak of vegetation period. Reduction in 

dew formation as an impact of warming treatment pointed to the drying side-effect of warming 

enhancing drought effect on carbon cycle in this ecosystem. 

 Both temporal changes and temperature and moisture dependences of soil respiration 

refer to the substrate limitation of microbial activity, at least in certain parts of the year. 

Precipitation of a given year highly influences the amount of new shoots, which have an impact 

on the active green biomass of the next year and the amount of litter spawning from it, which is 

well described by the relationship between annual precipitation and the amount of poplar litter 

from the next year. THOMEY et al. (2011) drew similar conclusion, studying a North-American 

desert ecosystem and finding correlation between annual precipitation and the aboveground net 

primary production of the dominant grass in the next year. 

 Despite the extremely arid conditions, the results indicate that soil respiration in this 

semiarid forest-steppe is also primarily under temperature control.. This indicates, that soil biota 

could be well adapted to dry environment. Additionally, wide range of temperature in this 

ecosystem has a basic impact on soil processes also itself. Although the generally used 

exponential relationship between soil respiration and temperature (VAN’T HOFF 1898) was also 

significant in the studied ecosystem, the Lloyd-Taylor function (LLOYD & TAYLOR 1994), and 

particularly the Gaussian function (O'CONNELL 1990) fitted better to the data. The goodness of 

fit for temperature – soil respiration functions is strongly dependent on the temperature range in 

which the data were obtained, which may explain why no difference between the fit of these 

functions was found in studies with a much narrower temperature range. 

Currently, there is no consensus on how to account for the effects of moisture, when the 

temperature sensitivity of soil respiration is modelled. Based on my studies, clear thresholds for 

moisture effects on temperature sensitivity were identified, which relate well to other known 

limits for biological activity in this sandy soil. Several authors have observed threshold values in 

moisture beyond which temperature sensitivity of soil respiration changed (DAVIDSON et al. 

1998, REICHSTEIN et al. 2002). Threshold values are supposedly community specific, because 

factors limiting water uptake by plants and microbes (e.g. soil physical properties or physiology 

of organisms) in different habitats may be very different. 

 The calculated mean annual soil respiration values for the studied semiarid sandy forest-

steppe by different models are rather low, similarly to other semiarid, low productivity 
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ecosystems, and varied relatively little among the model projections in our study. The 

tendencies in the estimated annual CO2 fluxes, however, suggest that in case of the use of the 

conventional exponential temperature function instead of Gaussian, or neglecting soil moisture, 

soil respiration may be overestimated. Although differences between the model predictions are 

rather small, the model choice is increasingly important at more extreme conditions and under 

the predicted climate change. Based on my calculations by the Gaussian model with interactive 

soil moisture control, which gave the best fit to our dataset, a decrease in annual CO2 emission 

could be expected as short term effect of extreme aridity. We can expect, however, the same 

tendency in long term also, probably due to increasing limitation of primary production, soil 

microbial activity, and decomposition processes. These trends can lead ultimately to reduction 

of overall C turnover resulting in a desertification process. 
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