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Abstract. Airborne pollution (airborne dust particules and gases) may significantly disturb soil habitats and thus 
influence the spatial variability in collembolan assemblages in urban ecosystems. A geostatistic-based tool – kriging 
was used to interpolate values of the airborne pollutants PM10 and NO2 and the abundance of Collembola in an 
urban area in Warsaw. Collembola were sampled at 25 sites distributed randomly within the city. Geostatistical 
modelling revealed changes in the spatial pattern of the assemblages of Collembola. The recorded directional trend, 
with the highest abundance in the city center, indicates that air quality could determining the spatial correlation of 
Collembola with environmental changes due to air pollution.
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Introduction

Airborne dust particles and gases are the main components of environmental pollution. Precipita-
tion of fine particulate matter (airborne dust particles, PM) ) may cause many changes in soils. It 
specifically affects the availability of alkaline cations, influences the cycling of nutrients, especially 
nitrogen, through its effects on bacteria and fungi (Grantz et al. 2003) and contamination with 
heavy metals (Soriano et al. 2012). Gases, such as nitrogen oxides and sulphur bearing compounds 
(sulphur dioxide and hydrogen sulfide), react with water and other chemicals in the air to form 
acidic pollutants known as acid rain. Acidic pollutants lead to changes in soil pH, which alter 
basic soil functions (Liang et al. 2012). Disturbances caused by airborne pollutants may affect 
soil fauna assemblages (Rusek & Marshall 2000) and their patterns of distribution (e.g. Hågvar 
& Abrahamsen 1990). Changes in the structure of collembolan assemblages are well documented 
(e.g. Santamaría et al. 2012, Wahl et al. 2012).

Urban ecosystems and urban soils are highly disturbed and stressed by airborne pollutants. 
Mechanisms of their release and possible associated effects depend mainly on the conditions of 
exposure and urban land cover. Levels of soil contamination in cities are clearly associated with the 
distribution of the main sources of air pollutants – streets and point emitters (Manta et al. 2002). 
Heterogeneity in the precipitation of airborne pollutants causes an increase in the spatial heteroge-
neity in the properties of soils (McIntyre et al. 2001, Pickett & Cadenasso 2009). As a consequence 
urban soils are known to have peculiar characteristics such as unpredictable layering, degraded 
structure and high concentrations of trace elements (e.g Kabata-Pendias & Pendias 1992, Tiller 
1992). The uneven distribution of airborne pollutants and its correlation with a heterogeneous 
spatial configuration of the urban landscape not only affects soil properties but also the soil fauna. 
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Effect of airborne pollutants on collembolan assemblages has been rarely investigated in urban 
areas (Buşmachiu & Poiras 2003, Fiera 2009a, b). In urban landscapes there are many factors that 
are related to each other that influence collembolan assemblages.

Geostatistical interpolation is one way of connecting the heterogenous spatial configuration of 
urban landscapes and environmental pollution with the variability in collembolan assemblages. 
But until now geostatistical tools were used only to study soil fauna at fine spatial scales (e.g. 
Robertson & Freckman 1995, Ettema et al. 1998, Gutierrez-Lopez et al. 2010, Jimenez et al. 2011). 
Knowledge of the functioning of urban ecosystems, urban soils and soil faunal communities is 
of vital importance when planning future urban development if we are to minimize its negative 
environmental effects, both on city inhabitants, as well as plants and animals (Niemelä 1999).

The principal objective of this study was to assess variation in the abundance of Collembola in 
urban soils and determine the usefulness of geostatistic-based interpolation by kriging for predicting 
variation in Collembola assemblages due to environmental pollution in urban landscape. 

Material and methods

Study area
Research was carried out in an urban area of Warsaw (52° 20’ N, 21° 00’ E, ca. 40 m a. s. l.) that is ca. 500 km2. It is 
a typical metropolitan area in Central Europe. The natural vegetation for this area is lime-oak-hornbeam (Tilio-Carpi-

Fig. 1. Location of the study sites in Warsaw.



123

netum) woodland. Urbanization has almost completely destroyed the primeval woodlands, with only a few parches of 
forest remaining within the city, mainly in the suburbs, plus a few highly modified patches in built-up areas. Grassland, 
i.e. more or less open lawns of anthropogenic origin, is the main substitute community. They constitute nearly 70% of 
Warsaw’s green areas. The remaining green areas are various types of thickets, allotments and home gardens, etc. In 
terms of phytosociology, urban lawns resemble pasture communities (the Cynosurion alliance) or moist meadows (the 
Arrhenatherion alliance), both of which belong to the order Arrhenatheretalia (Ślipiński et al. 2012).

Twenty five sites were selected at random within the study area (Fig. 1). The sites included street and housing estate 
lawns (16 sites), parks (4 sites) and suburban pines forests (5 sites).

Sampling
Soil Collembola were sampled in September 2012. Ten soil cores, each of 5.5 cm in diameter and 10 cm long were col-
lected from each site. Collembola were extracted from these soil cores using a MacFadyen apparatus. The individuals 
were counted in each sample and their abundances per square meter were calculated for each site.

Environmental variables
Research sites were subjected to physico-chemical analyses with respect to soil humidity, soil electric conductivity 
(EC), soil pH, soil temperature and thickness of grass cover. All these parameters were measured at the same time as 
the samples of soil for extracting Collembola were collected. Soil humidity, EC and temperature were measured using 
automated ProCheck sensors. The mean concentration of airborne particles of ~10 micrometers or less per 24 hours and 
per year (PM10/24h; PM10/year), and NO2 concentration per year (NO2/year) were chosen as air quality factors that are 
most likely to have caused significant disturbances in soil properties within the city area. The PM10 in Warsaw originated 
mainly from exhaust fumes of motor vehicles. They are characterized by high concentrations of trace elements such as 
S, K, Ca, Na, Al and Fe (Majewski & Łykowski 2008).

Geostatistical analyses
For each site the values of the pollutant concentrations were estimated by interpolation from 1366 data points that originated 
from an integrated Gaussian puff modelling of air quality dispersion for Warsaw (CALPUFF) using a CALMET processor 
(a diagnostic 3-dimensional meteorological model). This model was designed to simulate the dispersion of buoyant pol-
lution plumes, puff or continuous point and area pollution sources as well as the dispersion of pollution form continuous 
line sources. The model also includes algorithms for handling the effect of meteorological variables and topography of 
the modelled area. The CALPUFF model was obtained from Voivodeship Inspectorate for Environmental Protection 
in Warsaw. We used the latest available CALPUFF model for Warsaw, with data from the year 2011. Interpolation of 
pollutant concentrations was done using ordinary kriging. Ordinary kriging was also used to predict the spatial variation 
in the mean abundance of Collembola at the sites studied. In order to reduce the standard errors of estimation, five sites 
were excluded from modelling – points with extremely high and low abundances. All geostatistical analyses were done 
using software ArcGIS for Desktop 10.1 with Geostatistical Analyst extension (ESRI 2011).

Statistical analyses
Kruskal-Wallis one-way ANOVA was used to test significance of the differences in collembolan abundance and environ-
mental variables recorded at the sites studied in street lawns, parks and suburban pine forests. Spearman’s rank correlation 
was used to identify whether the abundance of Collembola was monotonically associated with the environmental vari-
ables measured (mean PM10/year, mean PM10/24h, mean NO2/year, soil pH, soil humidity, soil temperature, soil EC and 
thickness of grass cover). Thickness of grass cover was correlated with mean abundance of Collembola after exclusion 
of forested sites. To correlate collembolan abundance with level of urban landscape fragmentation we used an index of 
urban compactness (IUC), which was calculated as the percentage of the surface covered with vegetation within a set of 
rectangles within the study area. We used 9 rectangles of 5750×5980 m. The average abundance of Collembola, based on 
all the sites sampled within a given rectangle, was correlated with the IUC index.

Before geostatistical and statistical analyses, the values of collembolan abundance were log x(10+1) transformed to 
fulfill requirements for normality. All calculations were done using Statistica 7.0.

Results

The urban habitats studied (street lawns, parks and suburban forests) differed in their physico-
-chemical soil properties, levels of air pollution and abundance of Collembola (Table 1). The soil 
pH, humidity, EC, temperature and thickness of grass cover differed significantly when soils of 
urban biotopes were compared (ANOVA, Kruskal-Wallis test, p<0.05). There were no significant 
differences among urban habitats in levels of air pollution (mean PM10/year, mean PM10/24h and 
mean NO2/year), soil temperature and mean abundance of Collembola (ANOVA Kruskal-Wallis, 
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Table 1. Abundance of Collembola, soil characteristics and concentration of air pollutants (mean values ± SD) in different 
urban habitats in Warsaw

urban habitat	 street lawns 	 parks 	 suburban pine forests
	 n=16	 n=4	 n=5

abundance (thousand inds./m2)	 4.01	±	4.67	 6.50	±	6.20	 2.23	±	2.10
soil humidity (%)	 6.72	±	0.76	 6.27	±	0.47	 4.51	±	0.78
soil temperature (°C)	 17.43	±	10.13	 29.68	±	2.91	 5.17	±	3.23
soil electric conductivity (mS/cm)	 19.49	±	2.57	 16.02	±	2.30	 19.32	±	3.09
thickness of grass cover (cm)	  0.07	±	0.08	 0.08	±	0.01	 0.01	±	0.01
mean PM10/year (μg/m3)	 33.95	±	4.37	 34.20	±	1.39	 29.79	±	2.61
mean PM10/24 h (μg/m3)	 58.31	±	7.65	 59.77	±	2.26	 51.85	±	4.85
mean NO2/year (μg/m3)	 29.00	±	7.97	 29.92	±	2.38	 20.49	±	5.45

Table 2. Differences in the abundance of Collembola and environmental variables recorded in urban habitats (street 
lawns, parks and suburban pines forests). H – Kruskal-Wallis one-way ANOVA, p – significance level (p<0.05), values 
of collembolan abundances were log x(10+1) transformed, significant p-values are in bold

tested variable	 H	 p

mean abundance of Collembola (ind/m2)	 1.333	 0.513
soil pH	 11.493	 0.003
soil humidity (%)	 11.088	 0.003
soil temperature (°C)	 5.005	 0.081
soil EC (mS/cm)	 9.421	 0.009
thickness of grass cover (cm)	 9.420	 0.010
PM10/year (µg/m3)	 4.454	 0.107
PM10/24h (µg/m3)	 4.246	 0.120
NO2/year (µg/m3)	 4.801	 0.091

Table 3. Correlations of Collembolan abundance (log x(10+1) transformed) with environmental variables recorded in an 
urban area of Warsaw. rs – Spearman’s rank correlation coefficient, df – degree of freedom (n-2), p – significance level 
(p<0.05), significant p-values are in bold

tested variable	 rs	 df	 p

soil pH	 0.066	 18	 0.754
soil humidity (%)	 0.567	 18	 0.003
soil temperature (°C)	 –0.341	 18	 0.095
soil EC (mS/cm)	 0.525	 18	 0.007
PM10/year (µg/m3)	 0.374	 18	 0.065
PM10/24h (µg/m3)	 0.425	 18	 0.003
NO2/year (µg/m3)	 0.415	 18	 0.039
thickness of grass cover (cm)	 –0.221	 18	 0.348
index of urban compactness, Iuc (%)	 –0.166	 7	 0.668

p>0.05), (Table 2). The Spearman’s rank correlation coefficient (rs) detected monotonic trends in 
the abundance of Collembola and fairly positive correlations with soil humidity, soil EC, PM10/24h 
and NO2/year (Table 3).

Geostatistical modelling of the parameters of the airborne pollutants fitted a Gaussian model. 
The high value of the C/(C0+C) ratio and negligible nugget effect (very low nugget variances) 
indicated that in an urban area of Warsaw the highest spatial variation was in mean NO2/year and 
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Fig. 2. Maps of the concentrations of air pollutants: a) mean PM10/year (µg/m3); b) mean PM10/24h (µg/m3); c) mean 
NO2/year (µg/m3) in an urban area of Warsaw, which were interpolated using ordinary kriging. The 25 research sites are 
indicated. 3 – map of the mean abundance of Collembola (log x(10+1) ind./m2) in an urban area of Warsaw, which were 
interpolated using ordinary kriging.

then in descending order mean PM10/year and mean PM10/24h (Table 4). The interpolation of 
mean concentration of air pollutants derived from the geostatistical model using ordinary kriging 
revealed a progressive gradient from the periphery to the center of the city (Fig 2). Analysis of 
the spatial variation in collembolan abundance in the urban area studied using a Gaussian model 
revealed directional changes. However, the negative value of the C/(C0+C) ratio that has a large 
nugget effect suggested a low and discontinuous spatial autocorrelation (Table 5). Interpolation 
of mean abundance of Collembola using ordinary kriging predicted that collembolan abundance 
was highest in the city center and decreases toward its periphery (Fig. 3).
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Discussion

Geostatistical techniques (interpolation using ordinary kriging) documented a spatial variation in 
airborne pollutants and soil Collembolan abundance in an urban area of Warsaw. The geostatistical 
models of the levels of airborne pollutants (PM10/year, PM10/24h; and NO2/year) indicate a high 
spatial variation and presence of a progressive gradient from the periphery to the center of the 
city. Airborne pollutants affect soil habitats and soil faunal assemblages (Rusek & Marshall 2000). 
Precipitation of airborne dust particles results in, among other things, in  the contamination of soil 
with heavy metals (Soriano et al. 2012) and degradation of soil microbial communities (Grantz et 
al. 2003). Nitrogen oxides is one of the main source of acid rain, which causes changes in soil pH 
thus altering basic soil functions (Liang et al. 2012). Our results based on geostatistical modelling 
reveal that the highest collembolan abundances occur in areas with the highest concentration of 
airborne pollutants, which clearly increase towards the center of the city. The monotonic trends 
in the abundance of Collembola and significant positive correlation with PM10/24h and NO2/year 
detected by Spearman’s rank correlation allow us to assume that the recorded spatial trend in col-
lembolan abundance might be the result of the effect of air pollutants on urban soils. However, 
our measure of Spearman’s rank correlation of Collembolan abundance with the environmental 
factors studied indicates an inconsistent response of collembolan abundance to these factors. In 
urban landscape the spatial heterogenity in urban soils is caused by urban climate, biotic com-
position, buildings and infrastructure, and demographic-social patterns (Pickett & Cadenasso 
2009). Fragmented urban landscapes and the interaction with different levels and frequencies 
of disturbance create many gradients in environmental factors, which can directly and indirectly 
shape soil faunal assemblages and the nature of their response to disturbance.

A number of studies report an increase in total abundance of Collembola along increasing 
gradients of metal pollution (Czarnecki & Łosinski 1985, Bengtsson & Rundgren 1988, Pedersen 
et al. 1999, Gillet & Ponge 2003, Migliorini et al. 2004, Holmstrup et al. 2007, Fiera 2009a). 
Such effects may be induced by: (1) a low predator pressure at highly polluted sites (Edwards et 
al. 1967, Filser et al. 2000); (2) lack of competitive exclusion between sensitive but competitive-
-strong and competitive weak but more pollution-tolerant species of Collembola at these sites 
(Hågvar 1990); (3) exclusion of parasites sensitive to pollutants (Bengtsson & Rundgren 1988); 
and/or (4) changes in growth of fungal species preferred as a source of food in highly disturbed 
habitats (Hågvar 1990, Caruso et al. 2009). It is generally accepted that the level of response of 

Table 5. Semivariogram parameters of the geostatistical model of collembolan abundance recorded in an urban area of 
Warsaw (n=1366). C0 – nugget variance, C0+C – sill, C/(C0+C) – ratio of spatial variance (C) to sill (C0+C)

model	 C0+C	 C0	 range (m)	 C/(C0+C)

Gaussian	 0.56	 0.836	 10800	 –0.47

Table 4. Semivariogram parameters of the geostatistical model of air pollutants recorded in an urban area of Warsaw 
(n=1366). C0 – nugget variance, C0+C – sill, C/(C0+C) – ratio of spatial variance (C) to sill (C0+C)

variable	 model	 C0+C	 C0	 range (m)	 C/(C0+C)

PM10/year	 Gaussian	 1.15	 0.124	 25559	 0.89
PM10/24h	 Gaussian	 1.12	 0.167	 25946	 0.85
NO2/year	 Gaussian	 1.32	 0.090	 31282	 0.93
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Collembola to stress caused by environmental pollution is species specific (e.g. Tranvik & Eij-
sackers 1989, Tranvik et al. 1993, Haimi & Siira-Pietikäinen 1996, Fountain & Hopkin 2004). 
However, our results indicate that the abundance of Collembola might also be used as a surro-
gate of the total effect of disturbance due to air pollution in urban soils and experimental studies 
(MacCabe & Gotelli 2000).
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