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1. Introduction 
 
Soil is a complex and heterogeneous ecosystem and its characterization still imposes a 
significant challenge (Widmer et al., 2001). The Council of Europe identified three primary 
ecological roles of soils (Karlen et al., 1997): 1/ acting as a habitat to maintain biological 
activity, diversity, and productivity, 2/ filtering, buffering, storage and transformation of 
essential and non-essential chemicals and 3/ biomass production and the cycling of nutrients 
and other elements.  
 
After the Rio Convention on the Conservation of Biological Diversity (June 1992 - Rio de 
Janeiro) the call arose to include soil biodiversity in national strategies for long-term 
preservation of biodiversity (Hågvar, 1998). This implies both pure conservation measures 
and sustainable use of soils. Soil biodiversity is generally high because soil contains all major 
groups of micro-organisms and fungi, green and blue-green algae and a great number of 
animal phyla (Lee, 1994). Loss of soil biodiversity will make soils more vulnerable to other 
soil degradation processes. That is why soil biodiversity is often seen as an important 
indicator for soil health and soil quality (EC COM (2002) 179 final).  
 
Soil micro-organisms influence the flow of C, N, P and S through terrestrial ecosystems by 
their role in the processes of decomposition and mineralization. Microbes also play a major 
role in the formation of good soil structure by binding the soil particles together. Hence, 
microbes help to aggregate the soil to reduce erosion, promote good water infiltration and 
maintain adequate aeration of the soil (Carter, 1986; Carter & Kunelius, 1986; Carter & 
MacLeod, 1987). Microbial communities are key elements in ecosystems because they 
constitute a major part of the biomass and contribute to all nutrient cycles. 
 
Raised concerns regarding the protection of terrestrial ecosystems at a national level has 
increased the need to develop a suite of indicators capable of assessing the quality, integrity 
and fertility of soils. Such indicators should incorporate the heterogeneity of soil type and 
land use (Filzek et al., 2004). 
 
Therefore, it is imperative to gain a more detailed understanding of the bacterial community 
ecology in our forests soils. However, this task is arduous due to the enormous diversity of 
soil bacteria, together with the complexity of factors regulating their growth and survival. 
Moreover, the lack of suitable methods for effective qualitative and quantitative bacterial 
enumeration has prevented a satisfactory understanding of the functions and structure of the 
bacterial community. Standard microbiological culture techniques leave over 90 % and even 
up to 99.1 % in pristine forest soils unaccounted for (Torsvik, 1990). The traditional methods 
for identification on species level depend on specialised knowledge, demand laborious 
laboratory work and require many repetitions because of the variable species composition in 
time. 
 
Physical and chemical analyses do not allow drawing detailed conclusions on the biological 
structures and functions in the soil (Widmer et al., 2001). Determination of microbial biomass, 
soil respiration rates, and nutrient transformation rates are used to obtain more detailed 
information on the bulk microbial activities involved in fundamental ecological processes in 
soil. More recently developed techniques such as analyses of DNA, PLFA’s and cultivation 
on BiologP

TM
P plates allow for a more detailed investigation of soil biological parameters.  

 
The usefulness of microbial biomass as a biological indicator of soil quality has already been 
recognized. For example, Jenkinson & Ladd (1981), Brooks (1995) and Jordan et al. (1995) 
agree on the use of microbial biomass C as indicator of soil quality owing to its high 
sensitivity to changes in land use and management practices. The microbial biomass 
component of soil organic matter has the potential to be a sensitive indicator of organic 
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matter dynamics because the microbial fraction changes comparatively rapidly and 
differences are detectable before they can be measured in total organic carbon (Powlson et 
al., 1987). 
Microbial biomass measurements, combined with total organic C and soil respiration (COB2B) 
can also provide estimates of soil development and degradation (Insam et al., 1989). 
However, the determination of soil microbial biomass is a time consuming process. 
Alternatively, literature reveals that the hot water extractable pool of C (HWC) tends to relate 
well with microbial biomass-C (Sparling et al, 1998). The HWC being a component of the 
SOM (soil organic matter) and being closely related to soil microbial biomass and micro 
aggregation could therefore be used as one of the soil quality indicators in soil-plant 
ecosystems. There is very little information in the literature of any attempt to explore the 
potential of this pool of C as a soil quality indicator. Ghani et al. (2003) showed that HWC is a 
sensitive measure for determining subtle changes within an ecosystem. 
 
The objective of this research was to find an easy to measure, cost-effective indicator of 
microbial biodiversity in forest soils. On the microbial community level, functional diversity 
and eco-physiological profiling have been suggested as indicators of microbial activity and/or 
diversity (Lackzo, 1999; Anderson, 2003). 
 
The aim is to come to a proposal of an indicator for reliable assessment of soil microbial 
activity and functional biodiversity. Detailed specification on how to optimally measure these 
indicators in forest soils will be provided. If successful, the indicator can be proposed for 
wider testing in European Forest Soil surveys. This outcome will serve simultaneously two 
European programmes: the EU soil strategy on examination for soil microbial biodiversity 
indicators and the Forest Focus regulation on examination for forest biodiversity indicators. 
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2.  Material and methods 
 

2.1. Techniques 
 

2.1.1. ECOPHYSIOLOGICAL PROFILING 
 
2.1.1.1. Rationale 

 
Anderson (2003) used the microbial C biomass and the metabolic quotient (qCO B2B) as soil 
quality indicators. Based on these two indicators, a basic performance of the microbial 
population in a certain soil category could be defined, which leads to an ecophysiological 
profile of a site. A strong divergence of this ecophysiological profile could be an indication of 
a change in the environment and the establishment of a new soil community. 
 
The ecophysiological approach (Anderson, 2003) implies an interlinkage between cell-
physiological functioning and environmental factors. According to the ecological theory of 
Odum (1969) there exists a trend towards efficiency in energy utilisation concomitant with an 
increase in diversity during ecosystem succession towards maturity. At maturity, the highest 
diversity of plant biomass but the lowest community respiration is expected. According to the 
Odums theory, when extrapolated onto the microbial community, we should expect a 
decreasing community respiration with an increasing degree of belowground species 
diversity. For the microbial community this could be measured by determining community 
respiration per biomass unit, the qCOB2 Bor metabolic quotient. The metabolic quotient, which is 
the ratio of the basal soil respiration to the microbial C biomass, serves as an indicator of the 
activity or health of the microflora.  
If community respiration is low, more carbon will be available for biomass production which 
then should be reflected in a high percentage microbial carbon (C Bmic B) to total organic carbon 
(TOC). 
 
In order to build an ecophysiological profile the following parameters need to be determined: 
1. The general microbial activity based on soil respiration measurements; 
2. The microbial catalytic potential based on microbial C biomass measurements. 

The ecophysiological profile will vary with environmental circumstances such as pH 
(Blagodatskaya and Anderson, 1998), change in temperature, moisture content (Bottner, 
1985; Kieft et al., 1987), nutrient status, storage time, etc (Anderson, 2003). Most of these 
variables vary naturally throughout the year.  
In order to know the optimal moment to determine the ecophysiological profile, the 
parameters need to be monitored throughout at least one whole year. The period of 
maximum differentiation between different soil types will be the most suitable time to 
determine the ecophysiological profile. 
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2.1.1.2. Methods 

SOIL RESPIRATION – SODA LIME 
The evolution of COB2B is the main product of aerobe processes. The COB2B output of the soil 
integrates all catabolic soil processes within the C cycle and can be expressed in different 
ways. The basal respiration is an indicator of the total C exchange rate at a specific moment 
in time. It is defined as the respiration without the addition of an organic substrate to the soil 
(Alef and Nannipieri, 1995).  
 
Soil COB2 Befflux is the result of two processes: soil COB2 Bproduction (mainly root and microbial 
respiration) and transport of CO B2 Bto the atmosphere (Fang & Moncrieff 1999). 
There are many methods for measuring soil CO B2 Befflux, with large differences in accuracy 
and precision, spatial and temporal resolution, and applicability. Hence, the choice of a 
specific technique is often a trade-off between requirements (accuracy and resolution) and 
feasibility (applicability and cost) (Janssens et al., 2000). 
The soda lime method (Lundegärdh 1927, Monteith et al. 1964, Howard 1966, Edwards 
1982, Grogan 1998) is frequently used because it is a reliable method, inexpensive and easy 
to use.  
 
Soda lime is a mixture of sodium and calcium hydroxides that reacts with CO B2 Bto form 
carbonates: 
 
2 NaOH + COB2B  => Na B2BCOB3B + HB2BO 
 
Ca(OH) B2B + COB2B=> CaCOB3B + HB2BO 
 
The water produced by this reaction remains temporarily adsorbed to the soda lime.  
 
The soda lime method involves covering a sampling plot with a chamber and then placing a 
pre-weighed open dish of soda lime in it (Figure 1). The respiration chambers in our 
experiment consist of white polypropylene buckets with a height of 13.5 cm and a diameter of 
17 cm.  As the soil organisms release COB2B to the chamber, it is quickly absorbed by the soda 
lime (along with water vapour). The soda lime is kept in little heat resistant (till 105°C) pots 
(heat resistant jars can also be used). After 24 hours in situ, the chamber is removed, 
transported to the lab and the soda lime is dried at 105°C to evaporate the water and then 
weighed. The increase in mass of the soda lime is attributable to COB2B (Edwards 1982, 
Grogan 1998). Each time six replicates and two blanks were installed in the field for 
measurements (unless mentioned otherwise).  
 

1/ Soda lime for measuring soil respiration 2/ Incubation chamber left for 24 hours 
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3/ Incubation chamber with covering stone 4/ Soda lime blank measurement 
 
Figure 1. Soda lime technique in order to measure soil COB2B efflux in situ  
 
The method is described in detail in chapter 7.3. 

 

CARBON MEASUREMENTS 
 
There are many valuable assets of soil associated with total soil C content, however a direct 
correlation between total carbon and yield or nutrient status is not always evident. Total 
carbon content alone may not be an adequate indicator of soil quality (Yakovchenko et al., 
1996). 
 
In the past, different assessment methods were used to quantify C in soils. Recently, total 
analyzers are commonly accepted as the reference method for C measurements in soil 
(UN/ECE. 2006), not only because they are highly accurate and precise, but also because 
almost all soil C is recovered, including charcoal and inorganic carbon (carbonates).  
Total organic carbon (TOC) is determined by subtracting inorganic carbon (TIC) from total 
carbon (TC). 
Older methods like the unmodified Walkley-Black method (Walkley & Black, 1934; Walkley, 
1947) determine not all carbon, but only the ‘easily oxidisable’ fraction. This Walkley-Black 
carbon (WBC) is the main C fraction taking part in the C cycle of the forest ecosystem.  
Part of this easily oxidisable fraction is bacterial carbon which is estimated by hot water soil 
extracts. Therefore, we applied the hot water carbon (HWC) method (Ghani et al. 2002). 
In order to estimate the recalcitrant organic carbon (ROC) fraction, consisting of organic 
matter which is more resistant to oxidation (i.e. carbonized materials like charcoal, graphite, 
coal and soot), we determined TOC and WBC and assumed that ROC was the difference 
between both.  
 
The applied carbon methods are systematically described below. 

UTotal Organic Carbon – TOC 
Total organic carbon was measured with a TOC analyzer equipped with a solid sample module 
operated at 900°C (Shimadzu 5050A with SSM-5000A, Shimadzu, Kyoto, Japan). Analysis was done 
according to ISO 10694 which is in line with the reference method (SA08) in the ICP forests manual 
(UN/ECE, 2006). Sample quantity was between 0.5 and 1 g and measurable range from 0.1 to 30 mg 
OC. Each sample was analyzed in duplicate and the average reported. 
 
The limit of quantification (LOQ) for our instrument is estimated at 0.001% C. The relative standard 
deviation (RSD) based on replicate measurements is typically below 6 %. 
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The method is described in chapter 7.4. 

UWalkley & Black method – WBC 
The Walkley-Black (WB) method was developed in 1934 (Walkley & Black, 1934) based on the 
Schollenberger method, and further refined by Walkley (1947). Essentially, concentrated HB2BSO B4B is 
added to a mixture of soil and aqueous KB2BCrB2BO B7B. The heat of dilution raises the temperature 
sufficiently to induce a substantial, but not complete, oxidation by the acidified dichromate. Residual 
dichromate is back titrated using ferrous sulfate. The difference in added FeSOB4B compared with a 
blank titration determines the amount of easy oxidisable organic carbon. 
The percentage WB carbon is given by the formula: 
 

1 2( ) 0.30V VWBC M x x x CF
W
−

=
      

where  M = molarity of the FeSO B4B solution (from blank titration) 
VB1B = volume (ml) of FeSO B4B, required in blank titration 
VB2B = volume (ml) of FeSO B4B, required in actual titration 

 W = weight (g) of the oven-dry soil sample 
 CF = correction factor  
 
The CF is a compensation for the incomplete oxidation and is the inverse of the recovery. This CF was 
set by Walkley & Black (1934) to 1.32  (recovery of 76%) as a common average for all kinds of soils.  
However, this correction factor was found to be an underestimation for forest soils when using the 
heat of dilution (unmodified method). A correction factor of 1.58 was found to be more appropriate for 
Forest soils in the Flemish region (De Vos et al, in print). 
 
Therefore, we make a distinction between not corrected WBC values, denoted WBCBNC B and corrected 
values where the correction factor is mentioned as a subscript: WBC B1.32B or WBC B1.58B. 
 
The limit of quantification (LOQ) for WBCBNC B determination in our laboratory was estimated at 0.1 % C 
based on a 4 g sample. The original WB method proved to be unable to predict forest soil carbon 
contents higher than 8 % TOC reliably.  The RSD based on replicate measurements was typically 
below 10 %. 
 

URecalcitrant organic carbon  – ROC 
 
The recalcitrant organic carbon fraction of a sample was estimated by: 
 

ROC = TOC - WBCBNC 
 
It is the carbon fraction that is withstanding dichromate oxidation under the conditions of the 
unmodified Walkley-Black method, without addition of external heat. 

 

UHot Water Carbon - HWC 
Changes in soil organic matter are gradual and subtle, and difficult to detect in the short to medium-
terms. Labile pools of soil C such as microbial biomass are known to be sensitive indicators of soil 
ecological stability, stress and restoration. Hot-water C is a subset of the soil organic C pool which 
correlates strongly with microbial biomass and is therefore thought to be labile in nature. HWC is an 
integrated measurement which correlates with key biological and physical attributes of soils. In 
comparison to other measurements, HWC determination is considerably easier, economic and less 
time consuming (Ghani et al., 2002). 
 
Essentially, 5 g oven-dry soil is suspended in 25 ml deionised water. A certain carbon fraction is 
extracted in hot water (70°C) after 16 hours. During the heating and cooling phase the suspension is 
capped to avoid volatilisation. When cooled down until room temperature, the suspension is 
centrifuged for 15 minutes at 4000 r/min. After decantation, C is measured in the supernatant using a 
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TOC analyser. The organic carbon content of this extracted fraction is the hot water extractable C 
(HWC).  
The method sheet for this analysis is added in chapter 7.5. 
 
The microbial C biomass (C Bmic B) is strongly correlated with the organic C in the soil (Pankhurst 
et al., 1995). The CBmicB is therefore usually considered in relation to the total organic carbon 
content (TOC).  
Different methods are available to determine the C Bmic. B Most of them are laborious and 
tedious. One alternative is the use of hot-water extractable carbon (Sparling et al., 1998 and 
Wirth et al., 1999) which is a subset of the organic C pool and strongly correlated with the 
microbial biomass (Ghani et al., 2002; 2003). Sparling et al (1998) reported a strong positive 
correlation between HWC and soil microbial biomass-C determined by fumigation extraction.  
They suggested that the ratio of HWC to TOC could be used in an analogous way as the C Bmic B 
to TOC ratio, which has often been proposed for soil quality monitoring. 
 
In this study we consider HWC as a proxy variable for C Bmic B, and the HWC:TOC ratio as 
proportional to C Bmic B:TOC. 
 
The ratio of the basal respiration to the C Bmic B is the microbial quotient (qCO B2B). It reflects the 
energy requirements of the micro-organisms and can be used as an indicator for the activity 
or the health of the microflora (Chapman et al., 2003). It partially represents how efficient the 
microbial biomass is utilising the local substrate. In absence of stress or disturbance, qCO B2 
Bwill decline during the development of an ecosystem. 
 
In this study we tried to assess basal respiration by the soda lime technique and C Bmic B by 
HWC. It is hypothesized that the CO B2B efflux to HWC ratio could be a useful indicator 
equivalent to the microbial quotient. 
 
 
 

2.2.1. COMMUNITY LEVEL PHYSIOLOGICAL PROFILING 
 
2.2.1.1. Rationale 

 
Functional diversity is assessed by community level physiological profiling, based on the 
ability of members of the microbial community to exploit different substrates. The more 
substrates are used, the higher the functional diversity of the microbial community. In 
general, higher diversity is positive, because it stabilises the ecosystem functioning. In 
contrast, lower diversity can be found in disturbed sites (Atlas et al., 1991). The principle is 
that biodiversity is essential for stability after disturbance. The resistance and resilience of 
biodiversity assures continuation of the key functions of the soil microbial community in 
changing environmental conditions. The capacity of the members of the microbial community 
to utilise a variety of substrates will be tested by community level physiological profiling 
(CLPP). This technique compares microbial communities of different habitats by means of 
the substrate types they are using. So the diversity of the metabolic potential will be tested.  
 
In this approach, a suspension of micro organisms from the habitat of interest (in casu the 
forest soil) could be inoculated (without any adjustment in inoculum density) into microtiter 
plates, and read after a uniform incubation period. However, when understanding the 
dynamics in composition of organisms is of interest, then the CLPP must be normalized for 
inoculum density much like the species composition of animal or plant communities is 
normalized to biomass. Normalization for inoculum density can be addressed through the 
methods used for inoculating the plates, reading the plates, and analyzing the colour 
response. Theoretically, a method based on standardized inoculum density and incubation 
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times would eliminate confounding effects on CLPP. This approach limits the usefulness of 
the assay as a rapid screening tool due to the time consuming preliminary step of cell 
enumeration for every sample. In addition, it is unclear which cell enumeration method (e.g. 
plate counts, direct cell counts, active cell counts) is the best estimate of inoculum density. 
However an approach based on approximate standardization of inoculum density and a 
single, standard incubation may be an effective approach if potential differences in the 
overall extent of colour development are accounted for in the analysis of the data.   
 
 
2.2.1.2. Methods 

 

COLONY COUNTING 

The soil is one of the main reservoirs of microbial life. Typical garden soil has millions of 
bacteria in each gram. The most numerous microbes in soil are bacteria. Soil bacteria 
include aerobes and anaerobes with a wide range of nutritional requirements, from 
photoautotrophs to chemoheterotrophs. As usable nutrients and suitable environmental 
conditions (such as light, aeration, temperature) become available, the microbial populations 
and their metabolic activity rapidly increase until the nutrients are depleted or physical 
conditions change, and they then return to lower levels. 

Soil microorganisms are responsible for recycling elements so that these elements can be 
used over and over again. The numbers of bacteria and fungi in soil are usually estimated by 
the plate count method. The actual number of organisms is probably much higher than the 
estimate, since a plate count only detects microbes that will grow under the conditions 
provided (such as nutrients and temperature). 

In a plate count, the number of colony-forming units (CFU) are determined. Each colony may 
arise from a group of cells rather than from one individual cell. The initial soil sample is 
diluted through serial dilutions in order to obtain a small number of colonies on each plate. A 
known volume of the diluted sample is plated on sterile nutrient agar. After incubation, the 
number of colonies is counted. Plates with between 25 and 250 colonies are suitable for 
counting. A plate with fewer than 25 colonies is inaccurate because a single contaminant 
could influence the results. A plate with greater than 250 colonies is extremely difficult to 
count. The microbial population in the original soil sample can then be calculated using the 
appropriate dilution factor. 

The protocol used for colony counting is provided in annex 7.1.  

 

BIOLOGP

TM 

 
Physiological characterisation is based on determining the metabolic activity of microbial 
communities using Biolog P

TM
P multiwell plates. These plates contain a freeze-dried mineral 

medium, a standard set of carbon substrates, and a redox dye (tetrazolium) for monitoring 
microbial activity. The utilization of any carbon source results in the respiration dependent 
reduction of the dye and purple colour formation that can be quantified. Bacterial oxidation of 
a substrate generates reduced nicotinamide adenine dinucleotide (NAD); if the electrons are 
donated to an electron transport system. A tetrazolium dye may function as an artificial 
electron acceptor (Seidler, 1991). This method yields so called community level physiological 
profiles (CLPP) providing community specific information about the potential catabolic 
conversion of different substrates. Since prokaryotic communities can be considered 
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functional units characterized by the sum of the metabolic properties of individual bacteria, 
CLPP represents a sensitive and rapid method for assessing the potential metabolic diversity 
of microbial communities. It provides a more meaningful assay of communities than isolation 
methods because it measures utilisation of carbon, the major factor regulating microbial 
growth in soil (Curl & Truelove, 1986; Wardle 1992). 
 
The BiologP

TM
P assay does not rely on the laborious isolation of the organisms but attempts to 

examine the distribution of physiological characteristics in a sample of an intact community 
(Garland & Mills, 1994). An assessment of the functional diversity in soil microbial 
communities based on community level physiological profiling (CLPP) can provide greater 
insight into microbial roles in ecosystems than isolation (Garland & Mills, 1991). The patterns 
of substrate use in the reaction wells of the Biolog P

TM
P microtiter plates are related to the 

microbial activity of the samples analyzed and have shown their potential as a relative 
method to characterize microbial communities from different soil types.  
 
Biolog ecoplates P

TM
P detect the utilization by bacteria of 31 specific C sources. This yields a 

specific pattern of reactions, or community-level physiological profiles, representing 
outgrowth and utilization of specific substrates by members of the inoculated bacterial 
community (Bochner, 1989). Colour development in each well is interpreted as a measure of 
microbial activity under the given conditions. Colour of the reaction in each well is measured 
after a determined incubation period. A positive response is identified as an absorbance or 
optical density value greater than that occurring in the blank well. 
 
Ecoplates were proposed representing a suitable choice of 31 solely carbon substrates that 
can usually be found in the soil environment. Ecoplates are likely to provide a more useful 
test for microbial community analysis because only 31 sources are investigated compared to 
95 on other (Gram negative and Gram positive) Biolog P

TM
P plates. Statistical evaluation in 

some multivariate methods is easier because of reduced number of variables and increased 
number of samples analyzed. The use of Ecoplates is also economical, because a set of 31 
substrates is repeated three times on every plate.   
 
The absorbance data for all substrate-containing wells can be analyzed in two different ways. 
The first approach is to generate binary data based on presence or absence of colour 
development in each of the 31 wells. The second way is to generate continuous data based 
on colour intensities in each of the 31 wells. Statistical procedures are used to compare soil 
microbial activity (catabolic potential) under these conditions. 
 

The problem in traditional microbial biodiversity studies is that only about 5 % of the microbial 
organisms in soils have scientifically been described. This is because identification on 
species level depends on specialised knowledge, demands laborious laboratory work and 
requires many repetitions because of the variable species composition in time. It must be 
stressed however that metabolic diversity patterns do not necessarily reflect the in situ 
activity of the soil microbial community since the assay is selective for organisms capable of 
growing on the media and may represent only a subset of the whole microbial community 
(Garland & Mills, 1991; Haack et al., 1995). 

 
The procedure using Biolog ecoplates P

TM
P was conducted as follows (Figure 2).  

Bacteria were extracted from 5 g soil in 45 ml Ringers solution (Oxoid) in 50 ml falcon tubes. 
Samples were homogenized with an overhead shaker and a five-fold serial dilution in 
Ringers solution was made. Suspensions (100 µl) were spread over NSA medium in 
petriplates and were incubated at 21°C. 
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Figure 2. Carbon source profiling of microbial communities 
 

  
After two days of incubation colonies were counted. Dilutions with approximately 25 to 150 
Colony Forming Units (CFU) were dispensed into each well of the Ecoplates, containing 
three times 32 wells (31 carbon sources and one blank). Hence, each plate contained 3 
replicates from the same soil sample since one plate was entirely inoculated with the same 
sample. Plates were incubated at 25 °C in the dark. Colour development was measured after 
5 and 7 days.      
 
While the eco-physiological profile will try to represent the in-situ situation, this is not 
necessarily true for the CLPP. During the incubation time, an altered bacterial community 
may develop during the incubation resulting in the functional pattern of this new community, 
instead of the functional pattern of the inoculated community (Smalla et al., 1998). Thus, the 
CLPP does not reveal the in situ functional abilities of the natural community but it reflects 
more the structure of the bacterial community (Garland et al., 1997). 
 
The protocol is described in detail in chapter 7.2. 
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Figure 3. BiologP

TM
P microplates before (left) and after colour reaction (right) in the wells. Note 

the colour reaction in specific wells indicating the utilization of specific C-sources 
 
 
The CLPP response can be separated into three major components: (1) overall rate, (2) 
diversity, and (3) pattern.  
The overall rate can be estimated by the rate of average well colour development (AWCD) in 
case that optical densities are measured, and is function of the inoculum density. The AWCD 
of all 31 wells was corrected by subtracting the optical density of the control well.(Garland & 
Mills, 1991) 
The diversity of response is a function of both the richness (i.e. the number of positive tests) 
and the evenness (i.e. variation in colour development among wells) of response (Magurran, 
1988; Zak et al, 1994).  
The patterns are the kind of substrates that are utilised by the bacteria. The pattern between 
different microplates can be compared. 
 
In most CLPP studies, the profiles are studied with mainly descriptive statistics such as 
discriminant analysis, hierarchical cluster analyses techniques and principal component 
analysis (PCA). Multivariate analysis of variance will only be possible when enough 
replicates are available.  
 

The analyses of these variables by multivariate statistics such as MANOVA and PCA are 
common ways of comparing CLPP. PCA is a statistical method used to reduce the number of 
variables called principle components. In other words it represents an orthogonal rotation of 
the original test axes to give new axes, the first explaining maximum variance, the second 
accounting for a maximum of the remaining variance in a direction orthogonal to the first, and 
so on. The variances of the axes (components) are given by the eigenvalues, so that the 
main aspects of variation can be studied in a subspace of fewer dimensions.  

Community structure can be estimated by calculating the Shannon diversity index (Zak et al, 
1994; Staddon et al, 1997; Derry et al, 1998) and substrate utilization richness and evenness 
(Staddon et al, 1997; Derry et al, 1998). 

The Shannon diversity index used to measure functional diversity of micro-organisms in 
different soils takes both the richness and evenness of substrate utilization into account 
(Table 1). Whereas richness is generally defined as the number of different groups of micro-
organisms found occurring together, evenness is the expected distribution of microbial 
groups within the community (Atlas, 1984). We described richness as the total number of 
carbon substrates utilized and evenness as the equatibility of substrate utilization between all 
utilized substrates (Fuller et al, 1997). 
 



 16

Table 1. Description and calculation of Shannon diversity and evenness index 
Index Description Formula Definitions 
Shannon diversity Diversity of species in 

a sample  
H’ = -Σ(pBi B ln p Bi B) p Bi B = proportional colour 

development of the i P

th
P 

well over total colour 
development of all 
wells of a plate. 

Shannon evenness Evenness calculated 
from Shannon index 
(equitability) 

E = H’/ln S H’= Shannon index of 
diversity 

   S = number of wells 
with colour 
development (richness) 

 
To calculate p Bi B-values (Table 1) we need to correct for some values having a lower optical 
density (OD) than the control wells. This is possible because the inocculum can be turbid 
because of the presence of small soil particles. However the natural logarithm (ln) of 
negative values is not possible so these values were set to 0.   
 
 
Table 2. Finally adopted variables as indicators of microbial biodiversity 
Abbreviation Indicator for Explanation 
AWCD Overall rate Average well colour development 
S Richness Number of positive wells  
H’ Diversity Shannon diversity 
E Diversity Shannon evenness 
 
 
We selected some interesting indicators for further testing functional microbial diversity on 
forest soil samples (Table 2).  
AWCD reports over the overall rate of colour development while S really counts the number 
of positive colour reactions. H’ and E provide more information about the functional 
community structure than just the number of used C substrates (richness) alone. 
The Biolog patterns showing which carbon sources are utilised by the bacteria were not 
analysed and discussed in depth since they are considered out of scope for this study. 
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2.2. Environmental settings 
 

2.2.1. REGION 
 
This study is conducted in the Flemish Region, situated in the North of Belgium (Figure 4). 
 
Flanders occupies a total land area of 13521 km², 
being 42 % of the total Belgian land area (32545 km²). 
Population (yr 2000) was 5.9 million people in 
Flanders (438 cap/km²) while 10.2 million people for 
the whole of Belgium. 
In Flanders 10.8 % (146400 ha) is forest area, 
consisting of 86 % of semi-natural forest and 14 % of 
plantation forest (FAO, 2005). The forest area is 
strongly fragmented.  
 
About 70.3 % of Flanders forests are privately owned, 
29.7 % is public (state) forest (FAO, 2005). 
Forest management of state forests is focusing on 
multifunctionality with much attention paid to 
ecological, recreational and economical functions. 
 
The standing volume (yr 2005) for Flanders forests is estimated at 37.4 Mm³,  almost equally 
split over broadleaved (18.3 Mm³) and conifer (19.0 Mm³) stands (FAO, 2005).  Total living 
biomass is estimated at 15.8 and 11.8 Mt dry mass, for broadleaved and conifer stands 
respectively. Carbon stocks (Mt) equal half of these values.  
Main tree species (in terms of biomass > 1 Mm³) are Pinus sylvestris, Populus sp., Pinus 
laricio (Corsican Pine), Quercus petraea and Q. robur, Fagus sylvatica, Quercus rubra and 
Betula  sp. (FAO, 2005) 
 
Soils in Flanders are mostly derived from recent sedimentary parent materials deposited 
during the Pleistocene and Holocene periods. Geographical regions in Flanders (Figure 5) 
are often named according to the dominant soil texture.  
The main regions with a specific soilscape are: 

- the coastal dune belt, consisting of recent eolian calcareous sandy deposits without 
profile development; 

- the polder area, consisting of Holocene marine, mostly clayey deposits overlying 
sandy or peaty subsoils; 

- the sandy area, consisting of soils mostly developed on eolian sands of Pleistocene 
age. This area is subdivided in a central Flemish area and the Campine region in the 
NE (Figure 5); 

- the loam and sandy loam area of Pleistocene age. The sandy loam was deposited 
nearer to the source area (North Sea basin) than the loess, which has been 
transported further south due to its finer texture; 

- the silt loam soils derived from loess, showing a typical clay illuviation horizon. 
 
The major Belgian soil types are classified according to the Soil Taxonomy as Spodosols, 
Entisols (suborders Psamments, Fluvents, and Aquents), Alfisols, and Inceptisols. They 
belong to the following World Reference Base soil reference groups: Podzols, Arenosols, 
Luvisols, Albeluvisols, Cambisols, Fluvisols, Gleysols, Regosols and Anthrosols (FAO, 
2001).  
The forest soils are generally located on the least productive soils: too wet (Gleysols) or too 
dry (Podzols and Arenosols) or in hilly regions. Most encountered USDA texture classes of 

Figure 4. Location of Flanders 
region within Belgium and Europe. 
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the forest soils are sand (27% of total), loamy sand (26%), sandy loam (20%), and silt loam 
(17.5%). 
 

Figure 5. Basic soil geographical regions of Flanders 
 
The sandy Campine region is dominated by coniferous forest, mostly planted during the end 
of the 19P

th
P and first half of the 20P

th
P century on former heathlands. Currently, these are 

converted towards the more natural oak-birch forest types. Mixed and broadleaved stands 
are mostly situated in the Sandy region of Central Flanders and the Sandy loam and silt loam 
area. The latter area is dominated by Oak and Beech stands. Poplar and Ash stands may be 
found in alluvial plains and river valleys.  
 
The climate of Flanders region is maritime (humid) temperate, with significant precipitation in 
all seasons (Köppen climate classification Cfb). The mean annual air temperature is 10.2 °C. 
The average temperature of the coldest month (January) is 3 °C and warmest month (July) 
18 °C. Mean annual precipitation is 820 mm, in most years evenly distributed over the 
months (on average 65 mm in January and 78 mm in July). 
Precipitation during the growing season (1 April – 31 October) is about 470 mm. Mean 
annual potential evapotranspiration of a forest is estimated at 500-600 mm with 300-400 mm 
of transpiration during the growing season. 
 

2.2.2. SITES 
 
Within the Flemish region, we selected existing forest research sites suitable for a three-step- 
approach.  
The first step was a pre-screening phase where the selected methods for ecophysiological 
profiling (EP) and CLPP were tested on different soil types. It was an initiating exercise for 
the field crew and the lab personnel to get acquainted with the new techniques and to 
standardize operating modes. Furthermore, this phase provided some useful information on 
the applicability and response range of each method, and was meant to fine-tune the 
methods.   
The second step was a detailed screening on two selected forest sites, representative for a 
sandy and a silt loam site, assessing the temporal and spatial variation of EP and CLPP 
variables. 
The third step was a case study on 85 test sites in Flanders region to assess the EP and 
CLPP on a wide range of forest sites. This phase allowed investigating the overall variation 
and interrelationships between the variables and forest ecosystem characteristics. 
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2.2.2.1. Pre-screening 

 
The selection of the sites in the pre-screening phase should allow a comparison of EP and 
CLPP between different soil and forest types and was therefore based on very divergent soil 
types. Within the coniferous and deciduous forests, we selected each time for sandy dry or 
wet and loamy dry or wet conditions. Other contrasting soils were polluted and non polluted 
landfills covered with forest or not. Finally pasture and cropland were sampled in order to 
have representative samples for agricultural land use. The sites are spread across the 
Flanders region (Figure 6). 
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Figure 6.  Location of the 15 pre-screening sites (PS) in the Flanders region. The encircled 
plots indicate the sites where the detailed screening was investigated. 
 

Information on each of the pre-screening sites is provided in Annex 9.1.  
 
 
2.2.2.2. Detailed screening 

 
To investigate the variation on a smaller scale, two plots were studied in detail: De Inslag 
(PS1) in Brasschaat and Bos Ter Rijst (PS15) in Schorisse (Figure 6). The former being a 
Scots pine forest on an oligotrophic Podzol, the latter being a broadleaved forest on a 
nutrient rich silt loam soil.  
We focused on: 
1/ the seasonal variation by sampling these sites monthly which enables us to compare 
results over almost one year and to determine the optimal sampling period;  
2/ the spatial variation by means of a variogram analysis. This provides information on the 
spatial structure of the soil variables and the number of subsamples to be taken as a function 
of the precision required; 
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3/ the vertical variation by sampling at different soil depths which provides information on the 
most appropriate depth to be sampled.  
 

SEASONAL VARIATION 
As soil chemical parameters will also vary throughout the year, soil samples need to be taken 
at regular time intervals. Seasonal variability has previously been studied by Bardgett et al. 
(1997) in grassland and by Smit et al. (2001) in agricultural land. They both found that the 
summer month July showed the highest microbial biomass and activity was most different 
from other temporal samples. Brasschaat and Schorisse were sampled monthly in order to 
investigate the seasonal variability in forest soils over one year. Results from February 2006 
till December 2006 are shown in this report. 

 

SPATIAL HORIZONTAL VARIATION 
In literature, usually 3 - 10 replicates are taken per location for CLPP. Classen et al. (2003) 
used two composite samples of each five subsamples per location. By means of a specific 
sampling scheme used for variogram analysis, we can determine the number of replicates 
per site, the number of composite samples and the number of subsamples per composite 
sample needed. This sampling technique was suggested by Webster & Oliver (2001) and 
was meant to form a good idea on the spatial structure of soil variables by means of 
restricted samplings.  

 
Figure 7. Unbalanced hierarchical nested sampling scheme with 5 fixed distance intervals: 
code 1: 80m; 2: 50m; 3: 20m; 4: 5m; 5: 2,5m after Webster & Oliver (2001). 
 
Three angular points (points 1 in Figure 7) of an equilateral triangle, with sides of 80 m, form 
the basis of the sampling scheme. The orientation to the geographic north is ad random. The 
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next points are 50 m from the angular points in an arbitrary direction (points 2 in Figure 7). 
From the now generated points (all numbers 1 and 2), new points (points 3) are randomly 
chosen at a distance of 20 m from the former points. The same is repeated for a distance of 
5 and 2,5 m. Each step doubles the sampling points which results in a total of 48 sampling 
points. The X-Y coordinates of each sampling point are stored together with the analysis 
data. A semivariogram and other spatial analysis techniques can be applied on this spatial 
dataset. 
 

SPATIAL VERTICAL VARIATION 
In order to assess the EP and CLPP of microbial communities of forest soils, the sampling 
depth of interest need to be defined. Griffiths et al. (2003) studied the seasonal variation of 
CLPP and concluded that variability was more pronounced in the 5 - 10 cm and 10 – 15 cm 
layers whilst 15 – 20 cm depth samples appeared more stable. We decided to take 
composite samples from 0 – 5 cm; 5 – 10 cm; 10 – 15 cm; 15 – 20 cm; 20 – 30 cm; 30 – 40 
cm; 40 – 60 cm and 60 – 100 cm in order to investigate the spatial vertical variation in the 
two sites for detailed screening. For each depth interval, a composite sample was taken 
based on 16 subsamples selected ad random within the plot.  

 
2.2.2.3. Case study 

 
In order to evaluate the overall performance of EP and CLPP of Flemish forest soils, we 
selected 85 test sites for sampling. These test sites should preferably be a selection of plots, 
at which forest soil and soil faunal characteristics have been measured in the past (De Vos, 
1997; De Bruyn et al., 1999). Therefore a selection was made of plots of the ForSite grid, 
formerly investigated on invertebrate communities (mainly carabids and spiders). 
 

Figure 8.  Location of the 85 sites for the test case study (CS plots) spread across the 
Flanders region 
 

Information on each of the case study sites is provided in Annex 9.1.  
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2.3. Sampling methods 
 
Soil samples were gathered during 2006 and used for carbon determinations and 
biochemical (community level physiological profile) analyses. Mineral soil samples were 
collected by compositing 16 cores (0 - 10 cm) per location unless explicitly mentioned 
otherwise. A homogenized composite sample of these 16 subsamples (about 10 g fresh 
weight each) was made for further analysis. Half of the composite sample was dried in an 
oven at 40 degrees and ground for HWC, TOC and WBC analyses. The other half was 
stored at 7°C for a maximum of two days and used for inoculating agar plates for colony 
counts (CFU) and inoculation of BIOLOGP

TM 
Pmicrotiter plates. Fresh samples gave best 

results, but if necessary samples can be stored at 4°C for maximum ten days 
 

2.3.1. PRE-SCREENING 
 
In the pre-screening phase, 15 sites were sampled in April 2006. All samples were taken and 
processed in a fortnight period in order to avoid alterations due to changing weather 
conditions.  

 

2.3.2. DETAILED SCREENING 
 
2.3.2.1. Seasonal variation 

In order to study the seasonal variation during one entire year, two sites (Brasschaat and 
Schorisse) were sampled monthly from February 2006 till December 2006 within the scope 
of this report. Further analyses of the subsequent month January were executed but not  
reported.    
 
2.3.2.2. Spatial horizontal variation  

Spatial horizontal variation by means of an unbalanced hierarchical nested sampling scheme 
(Figure 7) for variogram analysis on sites Brasschaat and Schorisse was investigated in 
August 2006. Exactly 48 points per site were sampled between 0-10 cm. These 48 mineral 
core samples were analysed separately for HWC measurements while for inoculation of agar 
plates and Biolog P

TM
P plates composite samples (A – L) were made per four closely taken core 

samples (a cluster) which leaves us 12 mixed samples per site for bacterial investigation.  
 
The sampling scheme for both sites are illustrated in Figures 9 and 10. 
 
In order to measure soil respiration with the soda lime technique, four replicates were placed 
in each cluster as well as one blank. Consequently, a total of 48 respiration measurements 
and 12 blanks per site were obtained. The CO B2B-efflux values were averaged per cluster. 
 
 

2.3.2.3. Spatial vertical variation 

Spatial vertical variation was measured at eight different depths (0 – 5 cm; 5 – 10 cm; 10 – 
15 cm; 15 – 20 cm; 20 – 30 cm; 30 – 40 cm; 40 – 60 cm and 60 – 100 cm) in September 
2006 using gouge augers for stepwise sampling. To minimize spatial variation, the 
subsamples of the 16 locations were composited into one sample per sampling depth. 
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Figure 9. Sampling scheme at the Brasschaat plot: sample points are numbered 1 to 48; 
12 clusters of 4 points have a colour legend.  
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Figure 10. Sampling scheme at the Schorisse plot: sample points are numbered 1 to 48; 12 
clusters of 4 points have a colour legend.  
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2.3.3. CASE STUDY 
 
The survey of the case study plots was performed in June 2006 in which 85 sites were 
sampled in a period of 5 weeks. Field work was always executed on Mondays and Tuesdays. 
Sample preparation and platings for colony counts were performed on Wednesdays and after 
two days of incubation BiologP

TM
P plates were inoculated on Fridays. 

 
 
 
Table 3 summarizes all sampling and analysis events for the pre-screening, detailed 
screening (temporal and spatial screening) and the case study. In total 236 soil samples, all  
composite samples (n = 16) except for the horizontal spatial screening (n = 1), were 
analysed in the laboratory to assess EP and CLPP related data. 
 
 
Table 3. Overview of all performed sample campaigns. Numbers between brackets indicate the 
final number of composite soil samples.  
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Soda lime X X X X X X X X X X X X X X  X 
colony count     X X X X X X X X X X X X 
biolog manual  X X              
biolog automatic X   X X X X X X X X X X X  X 
HWC X X X X X X X X X X X X X X X X 
TOC X             X X X 
WBC X   X           X  
  
 
 

2.4. Statistical analyses 
 
 

2.4.1.  ANOVA (PARAMETRIC TEST) 

Analysis of variance (ANOVA) is used to uncover the main and interaction effects of 
categorical independent variables (called "factors") on an interval dependent variable. The 
new general linear model (GLM) implementation of ANOVA also supports categorical 
dependents. A "main effect" is the direct effect of an independent variable on the dependent 
variable. An "interaction effect" is the joint effect of two or more independent variables on the 
dependent variable. Whereas regression models cannot handle interaction unless explicit 
crossproduct interaction terms are added, ANOVA uncovers interaction effects on a built-in 
basis. For the case of multiple dependents, discussed separately, multivariate GLM 
implements multiple analysis of variance (MANOVA), including a variant which supports 
control variables as covariates (MANCOVA).  
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The key statistic in ANOVA is the F-test of difference of group means, testing if the means of 
the groups formed by values of the independent variable (or combinations of values for 
multiple independent variables) are different enough not to have occurred by chance. If the 
group means do not differ significantly then it is inferred that the independent variable(s) did 
not have an effect on the dependent variable. If the F test shows that overall the independent 
variable(s) is (are) related to the dependent variable, then multiple comparison tests of 
significance are used to explore just which values of the independent(s) have the most to do 
with the relationship.  

Note that analysis of variance tests the null hypotheses that group means do not differ. It is 
not a test of differences in variances, but rather assumes relative homogeneity of variances. 
Thus some key ANOVA assumptions are that the groups formed by the independent 
variable(s) are relatively equal in size and have similar variances on the dependent variable 
("homogeneity of variances"). Like regression, ANOVA is a parametric procedure which 
assumes multivariate normality (the dependent has a normal distribution for each value 
category of the independent(s)).  

 

2.4.2.  KRUSKAL-WALLIS (NON-PARAMETRIC TEST) 
 
Kruskal-Wallis H Test. This extension of the Mann-Whitney U or Wilcoxon test to multiple 
samples is a nonparametric alternative to one-way analysis of variance. It tests the null 
hypothesis that the samples do not differ in mean rank for the criterion variable. Because it 
takes rank size into account rather than just the above-below dichotomy of the median test, 
discussed below, it is more powerful and preferable when its assumptions are met. 
Computation: Kruskal-Wallis H is calculated on the basis of sums of ranks for combined 
groups. Data from all samples are ordered as in the Wald-Wolfowitz or Mann-Whitney U 
tests. Let nBi B be the number of observations in any particular sample and let N be the number 
of observations in all samples combined. The data are pooled and renumbered from 1 to N, 
with 1 corresponding to the lowest score. Using these rank scores, data for each sample are 
listed by rank. These rank scores are added up for each sample, and the sums are the TBi B 
scores in the formula below. Also, let k be the number of samples. Then Kruskal-Wallis H is 
computed as:  

H = 12/(N(N + 1))* SUM(T P

2
PBi B/n Bi B) - 3(N + 1)  

degrees of freedom = k - 1  

The Kruskal-Wallis H test should not be used when the number of ties is large. For modest 
numbers of ties, H may be adjusted for a penalty factor. This is done by dividing H by this 
penalty factor, as below, where t = the number of ties in any sample and the numerator is the 
sum for all samples:  

HBadjustedB = H /[1-(SUM(tP

3
P - t))/(NP

3
P - N)]  

Interpretation: H is distributed approximately as chi-square. The researcher calculates H as 
above and then consults a chi-square table with (k - 1) degrees of freedom. If the critical 
value of chi-square for the desired significance level (typically .05) is equal to or less than the 
computed H value, then the researcher rejects the null hypothesis that the samples do not 
differ on the criterion variable.  
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2.4.3. PCA/PCO 

Principal components analysis (PCA) is a procedure for finding hypothetical variables 
(components) that account for as much of the variance in a multidimensional data set as 
possible. These new variables are linear combinations of the original variables. PCA is a 
standard method for reducing the dimensionality of morphometric and ecological data. The 
PCA routine finds the eigenvalues and eigenvectors of the variance-covariance matrix or the 
correlation matrix. The eigenvalues, giving a measure of the variance accounted for by the 
corresponding eigenvectors (components), are displayed together with the percentages of 
variance accounted for by each of these components. A scatter plot of these data projected 
onto the principal components is provided, along with the option of including the Minimal 
Spanning Tree, which is the shortest possible set of connected lines joining all points. This 
may be used as a visual aid in grouping close points. The component loadings can also be 
plotted.  

Principal coordinates analysis (PCO) is another ordination method, somewhat similar to 
PCA. The PCO routine finds the eigenvalues and eigenvectors of a matrix containing the 
distances between all data points, measured with the Gower distance or the Euclidean 
distance.  

 

 

2.4.4.  INDVAL ANALYSES 
 
Dufrêne & Legendre’s indicator values are a measure of alliance of a particular taxon to a 
group of (in general) multi-species-samples. Created by Dufrêne, M. and P. Legendre 
(Dufrêne & Legendre, 1997) the IndVal method is used to identify the indicator value of a 
specific species. Relative abundance is compared to frequency in order to find a percentile 
that gives the best idea of this species as an indicator. Indicative species can be used in 
ecology in order to see specific biotic and abiotic factors on the environment as they effect 
the species in a specific manner. 
 
To calculate the indicator value of a given species, the equation IndVal Bij B = ABij B * BBij B * 100 is 
used. 
 
ABij B = mean amount of i in j. 
i = The average amount of the species in the site (abundance) 
j = The amount of sites. 
Hence A Bij B = NindividualsBij B/Nindividuals Bi B. 
BBij B equals the same thing except that i is the frequency of occurrence, rather than the 
abundance, hence B Bij B = NsitesBij B/NSites Bi B. 
Finally, IndVal Bij B = ABij B * BBij B * 100 
 
The indicator value range from zero (no indication) to 100 (perfect indication). Perfect 
indication means that presence of a species points to a particular group without error, at least 
with the data set in hand. 
 
We used the IndVal method to find indicator values for specific carbon sources of the 
Biolog P

TM
P plates  (here considered as ‘species’) for specific groups (site conditions).  
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The indicator value range from zero (no indication) to 100 (perfect indication). Perfect 
indication means that presence of a species points to a particular group without error, at least 
with the data set in hand. 
 
We used the IndVal method to find indicator values for specific carbon sources of the 
Biolog P

TM
P plates  (here considered as ‘species’) for specific groups (site conditions).  

 
A Monte Carlo technique was used to evaluate the statistical  significance of the maximum 
indicator value recorded for given C-sources (wells). The null hypothesis is that the maximum 
indicator value is no larger than would be expected by chance (i.e. that the species has no 
indicator value). Significance is tested at a p = 0.05 level. 
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3. Results 

 

3.1. Development of methods and protocols 

3.1.1.  PRE-SCREENING 
 
In the pre-screening phase different protocols from literature for Hot Water Carbon (HWC), 
Biolog P

TM
P and soil CO B2 Befflux measurements were examined and the selection of one final 

protocol for each technique was made for application in the case study. Standard C analysis 
methods (TOC, WBC) of the analytical laboratory of the research Institute for Nature and 
Forest (INBO) were also applied on the samples of the pre-screening phase.    
 
 
3.1.1.1. Hot Water Carbon – HWC  

 
To our knowledge, no international standardized method (ISO, EPA) for hot water carbon 
(HWC) extraction exists. Therefore, we selected three HWC methods from literature: (i) a 
recent method for hot- and coldwater carbon extraction developed by Scheuner & Makeschin 
(2005); (ii) the HWC method applied by Sparling et al. (1998) and (iii) the HWC method used 
by Ghani et al. (2002, 2003). These authors provided enough methodological details to test 
their specific approach by using our mineral forest soil samples. 
Basically, all HWC methods consist of 5 steps: 1. making a suspension of the mineral or 
organic soil sample in deionized water; 2. heating this soil suspension according to a specific 
temperature/duration resulting in a ‘hot water’ carbon extract; 3. a cooling process; 4.  a 
separation technique using centrifugation and/or filtration and 5. determination of the C 
fraction of the extract. Table 4 provides general information on the selected method for each 
of these steps. 
  
Table 4. Schematic description of documented HWC extraction methods 
Method Suspension 

ratio  
Heating 
(extraction) 

Cooling Separation Determination 

A.  
Scheuner & 
Makeschin 
(2005) 

1:5 (20 g 
oven dry 
soil/100 ml  
HB2BO 
(deionized) 

Boiling for 
60 min. 

Cooling till 
20 °C with 
gum 
stoppers 
against 
volatilisation 

Centrifugation 
(max 4000 rpm) 
for 15 min  

CN analyser 

B.  
Sparling et 
al. (1998) 

1:5 (2 g air 
dry soil/10 
ml HB2BO 
(deionized) 

70°C for 18 
h 

No 
information 

Shaken by hand 
and then filtered 
through Toyo 5C 
paper 

TOC analyser 

C.  
Ghani et al. 
(2003). 

1:10 (3 g 
oven dry 
soil/10 ml 
HB2BO 
(distilled) 

80°C for 16 
h (tubes 
capped) 

No 
information 

Shaken for 10 s 
on a vortex; 
Centrifugation 
(3500 rpm) for 20 
min; 
Supernatans 
filtered through 
0.45 µm cellulose 
nitraat membrane 
filter 

TOC analyser 
(analysis in 
triplicate of 1 
extract per 
soil sample) 
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All methods show methodological differences in each step. The soil:water ratio for making 
the suspension is 1:5 wt:wt for methods A and B while Ghani’s method is 1:10.  Preliminary 
testing learned us that making 1:5 suspensions is appropriate. More important than the ratio 
is the amount of soil weighed in. Since forest soil samples tend to be heterogeneous, the 
more soil sample is used, the better, even after thorough mixing. Two gram soil as in method 
B was judged a minimum, 20 g too much. We choose to use 5 g oven-dried soil in 25 ml of 
distilled water. This volume fits in the falcon tubes of 50 ml, making the centrifugation 
process easier.   
 
We were interested to see whether it makes a difference when the soil sample was fresh (no 
drying), air-dried or oven-dried at 40 °C (Figure 11). 
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Figure 11. Comparison of three test samples for HWC determination based on fresh, air- or 
oven-dried samples. Error bars are SEM based on 3 replicates of the same sample (different 
extractions) 
 
Composite samples taken at three of the pre-screening plots were analysed when fresh, after 
one week of air-drying at 20 °C and when dried in a ventilated oven at 40°C. From each 
sample, HWC was extracted in triplicate. Within a plot, no significant difference was found 
between the results. Except for the Zoniën sample, variation was greater when extracting a 
fresh sample and expressing it on a dry weight basis. Thus, when comparing plots, HWC 
assessment based on air-dry or oven-dry soil provides better precision. For instance, plots of 
Schorisse and Brasschaat are significantly different according to air- and oven-dried results, 
but this does not hold true on fresh sample results.  
Therefore, the HWC method is best based on an oven dry sample (40 °C) . 
 
The heating step forms another main difference between the methods examined. According 
to Scheuner & Makeschin (2005) the soil sample is boiled for 60 min, while methods B and C 
prescribe hot water extraction at temperatures of 70 and 80 °C for 18 and 16 h, respectively. 
 
We compared two variants of the heating step: (i) 1 h boiling according to method A and (ii) 
16 h of extraction in a warm water bath of 70° C. The latter is comparable with methods B 
and C. We assumed that 70 or 80 °C had the same impact and choose the shortest time of 
both methods for practical reasons and to lower energy consumption.  
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Figure 12. Comparing two HWC  methods with different heating step for all soil samples 
of the pre-screening test. X axis: heating for 1 h at boiling temp, Y axis heating for 16 h 
in a warm water bath of  70 °C.  All values are expressed in µg g P

-1
P oven-dry soil. 

 
Figure 12 shows a good linear relationship between the two methods and indicates that 
HWC extraction at 70 °C is about half (52 %) of HWC determined after boiling for 1 h. This 
indicates that the heating step specifications (especially temperature) has a huge impact on 
the magnitude of the HWC measurement and that standardization is essential.  
HWC values in literature are therefore strongly method dependent and cannot be compared 
without proper correlation, which is feasible according to our experiment. 
 
When performing three extractions for each soil with both methods, the average relative 
standard deviation (RSD) of HWC-1h-100°C extraction is 2.18 ±  0.71 versus 2.70 ± 1.30 for 
HWC-16h-70°C. Hence, precision is high and not significantly different between both 
methods. 
 
Sparling et al. (1998) mentions that boiling water at 100 °C kills vegetative microbial cells but 
has the disadvantage of extracting appreciable amounts of non-microbial organic C. Since 
the  HWC method should be considered as a proxy variable for microbial carbon we assume 
that it is better to heat gently over a longer time, than to boil over a short time. Therefore we 
have chosen to be in line with the heat application prescribed by the studies of Ghani et al. 
(2003) and Sparling et al. (1998).    
 
However, during the heating and cooling process we capped the tubes according to 
Scheuner & Makeschin (2005) to avoid volatilisation, but we did not test the impact on the 
result.  
For the separation step we tested filtration over different filters and centrifugation (15 min at 
4000 rpm). Using 0.45 µm filters had an impact on the HWC result, showing an increase of 
1000 to 1500 µg g P

-1
P. Hence, the type of filter is important and contamination should be 

checked carefully.   
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We found centrifugation (15 min at 4000 rpm), decantation and filtering the supernatant over 
an ash-free fioroni filter the best combination. Finaly determination is done using a TOC 
analyzer.  
 
The developed protocol is available in chapter 7.5. 
 
We also tested the reproducability within and between different extractions of the same test 
sample based on triplicate analysis (Figure 13). We concluded that most variation was found 
between the extracts. Once an extract is made, HWC determination gives comparable 
results, even when measured 5 days after extraction. Difference between measurements 
within  extract 1 was 141 µg gP

-1
P making a small significant difference (p = 0.0016); difference 

within extract 2 was 51 µg gP

-1
P meaning no significant difference (p = 0.1418). 
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Figure 13. HWC determination within en between extracts of 
the same test sample. Error bars are 95% confidence intervals 
based on 3 replicates . 

 
The difference between the extraction means is 360 µg g P

-1
P, showing a significant difference 

(p < 0.0001). This indicates that repeated determination of one extract is of little value and 
that more effort should be attributed to different extractions of a soil sample when high 
precision is requested.    
 
 
Based on triplicate measurements for each plot of the prescreening sites, standard deviation 
(= standard uncertainty) varies between 1.3 and 60.5 µg gP

-1
P with an average value of 17.3 µg 

g P

-1 
PHWC.  
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3.1.1.2.  Biolog P

TM 

CHOICE OF MICROPLATE 
 
Different types of microtiter plates are commercially available: GN2, GP2 and ECO for 
bacterial CLPPs and two distinct plate types: SFN2 and SFP2, for fungal CLPP. This study 
will be limited to bacterial CLPP. The GN2 and GP2 plates P

TM
P each contain 95 unique C 

substrates that were developed for identifying pure cultures of Gram-negative and Gram-
positive bacteria, respectively. EcoPlates P

TM
P contain 3 replicates of 31 C substrates and were 

developed for bacterial community analyses of environmental samples (Figure 14). Classen 
et al. (2003) compared the ability of the three bacterial plates to distinguish between the 
microbial communities of four distinct soil types and concluded that the EcoPlateP

TM
P was 

better than the GN2 and GP2 plateP

TM
P to distinguish the CLPPs among the soil types both 

when within-plate replicates were used as individual replicates.  
 

Figure 14. Carbon sources in a BiologP

TM
P EcoPlate: three replicates of 31 C sources (wells A2-H4)  

and water as the reference (wells A1). 

 

GN plates P

TM 
P(Figure 15) P

 
Pcontain 95 carbon sources from which 26 carbon sources are also 

found on the EcoPlateP

TM
P. This means that 70 carbon sources are unique for the GN plateP

TM 

Pand 6 carbon sources are unique for the EcoPlate P

TM
P. In the pre-screening phase EcoPlates P

TM
P 

as well as GN Plates P

TM
P were used for inoculation.  
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Figure 15. Carbon sources of a GN2 MicroPlate: 95 C sources (wells A2-H12)  and water as the 
reference (well A1). 

 

We compared the 25 overlapping carbon sources for all the soil samples of the pre-screening 
sites (example for one soil sample is provided in Table 6) and showed the need for replica. 
For sake of statistical analysis to differentiate between different soil samples, preference 
should be given to microtiter plates with a lower number of C substrates, allowing a higher 
number of replicates (Hitzl et al., 1997). Choi & Dobbs (1999) made a comparison of BiologP

TM
P 

microplates (GN and Eco) in samples from six aquatic environments. They found the two 
types of plates demonstrated an equal capacity to discriminate among the six microbial 
communities. The expense of GN plates was too high compared to EcoPlatesP

TM
P so in the 

detailed screening and case study we consequently used EcoPlates P

TM
P only. 

 



 34

Table 5. The set of carbon sources, repeated three times in EcoPlateP

TM 
Pand their assignment to 

biochemical categories according to Choi & Dobbs (1999). 

Biochemical 
category 

Carbon source Ecoplate Biochemical 
category 

Carbon source Ecoplate

Polymers α-cyclodextrin E1 Carboxylic 
acids (cont.) 

D-galacturonic acid B3 

 Glycogen F1  D-glucosaminic 
acid 

F2 

 Tween 40 C1  itaconic acid F3 

 Tween 80 D1  D-malic acid H3 

Carbohydrates D-cellobiose G1  pyruvatic acid 
methyl ester 

B1 

 i-erythritol C2 Amino acids L-arginine A4 

 D-galactonic acid 
γ-lactone 

A3  L-asparagine B4 

 N-acetyl-D-
glucosamine 

E2  L-phenylalanine C4 

 glucose-1-
phosphate 

G2  glycyl-L-glutamic 
acid 

F4 

 β-methyl-D-
glucoside 

A2  L-serine D4 

 D,L-α-glycerol 
phosphate 

H2  L-threonine E4 

 α-D-lactose H1 Amines phenylethylamine G4 

 D-mannitol D2  Putrescine H4 

 D-xylose B2 Phenolic 
compounds 

2-hydroxy benzoic 
acid 

C3 

Carboxylic 
acids 

γ-hydroxybutyric 
acid 

E3  4-hydroxy benzoic 
acid 

D3 

 α-ketobutyric acid G3    

 

 

CHOICE OF EXTRACTION MEDIUM AND PROTOCOL 
 
After a thorough study of literature, a choice between different protocols had to be made. We 
tested different extraction media (PBS and Ringers), and the factors sedimentation and 
centrifugation. 
 
PBS buffer contains 1.2 g Na B2BHPOB4B/l (7mM) 
   0.18 g NaHB2BPOB4B/l (3mM) 
   8.5 g NaCl/l (0.13mM) 
Ringers solution (Oxoid) is in tablet form and has to be dissolved in 0.5 l demineralised water 
and autoclaved.  
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Table 6. Example of binary output from an automatic plate reader for one soil sample (- = no 
colour development in the well, + = colour development in the well and b = borderline, the 
threshold value is software dependent, Biolog Microlog 3, release 4.01C)  
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 p
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D,L-α-Glycerol Phosphate - - - - 

D-Cellobiose + + + + 

D-Galactonic Acid γ-Lactone + - - - 

D-Galacturonic Acid + + + + 

D-Glucosaminic Acid + + + b 

D-Mannitol + + + + 

Glucose-1-Phosphate - - - - 

Glycogen - b + + 

Glycyl-L-Glutamic Acid + + + b 

i-Erythritol - b + b 

Itaconic Acid - - + - 

L-Asparagine + + + + 

L-Phenylalanine + + - - 

L-Serine b b b b 

L-Threonine b + b - 

N-Acetyl-D-glucosamine + + + + 

Phenyethyl-amine - b - - 

Putrescine b b b - 

Tween 40 + + + b 

Tween 80 + b + - 

Α-Cyclodextrin + + + + 

Α-D-Lactose - b - - 

Α-Keto Butyric Acid + - - - 

Β-Methyl-D-Glucoside + + + + 

Γ-Hydroxy Butyric Acid - - - - 

   
 
Both media gave clear but different colour developments. Within the scope of this research 
project, we choose to utilize Ringers solution because of it is easy in use. 
After centrifugation and/or sedimentation too much bacteria were sunk to the bottom and 
could not be inoculated to the BiologP

TM
P plate. Generally, colour development decreased after 

sedimentation (Table 7), so we decided to inoculate the plate immediately after shaking the 
solution.    
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Table 7. Colour response due to type of extraction medium (PBS or Ringers solution) and after 
visual assessment of sedimentation 
Soiltype Sand Sand Sand Sand Silt loam Silt loam Silt loam Silt loam 

Buffer PBS PBS Ringers Ringers PBS PBS Ringers Ringers
Sedimentation No Yes no yes No Yes No yes 

A1 0 0 0 0 0 0 0 0 
B1 1 0 1 1 1 1 1 1 
C1 1 1 1 1 1 1 1 0 
D1 1 1 1 1 1 1 1 1 
E1 0 0 0 1 0 0 0 0 
F1 0 0 1 1 1 1 0 0 
G1 1 1 1 0 1 0 1 1 
H1 0 1 0 0 1 0 0 0 
A2 1 1 1 1 1 1 0 0 
B2 1 1 1 1 1 1 1 0 
C2 0 0 0 1 0 0 1 0 
D2 1 1 1 1 1 1 1 1 
E2 0 1 1 1 1 1 1 1 
F2 1 1 1 1 1 1 1 1 
G2 0 0 0 0 0 0 0 0 
H2 0 0 0 0 0 0 0 0 
A3 0 0 1 0 1 1 1 1 
B3 0 1 1 1 1 1 1 1 
C3 0 0 0 0 0 0 0 0 
D3 1 0 0 0 1 0 1 1 
E3 0 0 0 0 0 0 0 0 
F3 0 0 1 0 0 0 0 0 
G3 0 0 0 1 0 0 1 1 
H3 0 1 1 0 1 0 0 0 
A4 0 0 1 0 1 1 1 1 
B4 1 1 1 1 1 1 1 1 
C4 0 0 1 1 0 0 1 1 
D4 0 0 1 0 1 0 1 0 
E4 0 0 1 0 1 1 1 0 
F4 0 1 1 0 1 1 1 0 
G4 0 0 0 0 0 0 0 0 
H4 0 0 1 1 1 1 1 0 

Σ positive Wells 10 13 21 16 21 16 20 13 
 
Remarkebly, sometimes positive responses occurred after sedimentation while no response 
was found in the absence of sedimentation. This was observed only for the sandy soil, not for 
the silt loam soil.  In the sandy soil the Ringers solution showed more positive wells than with 
the PBS solution, while the inverse was true when analysing the silt loam soil. 
Due to the differences observed, standardizing the buffer solution is recommended.  

 

DETERMINATION OF INITIAL CELL DENSITY OF THE INOCULUM ON THE PLATES 
 
Previous research showed that the inoculum density might have a great influence on the 
intensity of the well colour development. However, when the plates are read only after no 
further colour development has occurred, large differences are unlikely to be due to inoculum 
density (Griffiths et al., 2003). Initially, absorbance measurements from the different dilutions 
were made, but this work was too laborious and not feasible at a larger scale. Another 
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technique was to count the colonies on agar plates. In the outset five different dilutions were 
plated on nutrient agar and colonies were count after incubation during two days at 20 °C. 
After plate counts BiologP

TM
P plates were also inoculated and incubated at 20 °C and reactions 

were checked daily during one week. During incubation of the agar plates the different 
dilutions were kept in a refrigerator prior to inoculation of the Biolog P

TM
P plates. Dilutions with 

40 - 150 colony forming units (CFU) on agar plate were most appropriate for inoculation of 
Biolog P

TM
P plates.  

 
 

 
1/ soil extract dilution 10P

-1
P
 2/ soil extract dilution 10P

-2
P
 

  
3/ soil extract dilution 10P

-3
P
 4/ soil extract dilution 10P

-4
P
 

 
Figure 15. Agar plate inoculation with 100 µl soil extract dilution 10P

-1
P-10 P

-4
P after two days of 

incubation at a constant temperature of  20 °C 

 

READING THE OPTICAL DENSITY OR ABSORBANCE VALUES 
 
After inoculation, CLPP plates are typically incubated at a constant temperature. Soil micro-
organisms generally exhibit optimal growth around 25 °C, so most culture methods utilise 
incubation temperatures around this value (Classen et al., 2003). However, Classen’s results 
showed that the incubation temperature had no influence on the CLPPs.  
Absorbance values or optical densities (OD) are usually measured at a wavelength of 590 
nm by means of a spectrophotometer which is compatible with the BIOLOGP

TM 
Pmicrotiter 

plates. The colour development can also be detected visually at regular time intervals and 
recorded as absence/presence values. As Garland et al. (1997) concluded that the 
presence/absence of a response in the CLPP reflects functional potential but that care is 
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needed in the interpretation of shifts in relative rates of substrate use (i.e. the degree of 
colour formation represented by the OD). 
Visual interpretation proved extremely difficult and subject to major subjectivity. Therefore we 
used an automatic plate reader provided by Biolog P

TM
P (MicroStation System). The equipment 

was set at our disposal in the laboratorium for microbiology (BCCM/LMG) at the University of 
Ghent.   
 
 

NUMBER AND TIMING OF THE MICROPLATE READINGS  
 
Microplates are usually read at fixed time intervals e.g. every 12 hours for a total duration of 
72 hours or every 24 hours for 5 days (Classen et al., 2003). Sometimes only one reading is 
done when there is no further colour development in the wells. Generally the microtiter plates 
are incubated during a 2 to 7 days period (Garlandet al., 1997). We utilized the automatic 
plate reader in the laboratory for Microbiology at the University of Ghent so we were 
restricted in the amount of readings of the plates. We performed the readings after five and 
seven days after which colour development was completed. 
 
Our finally used protocol can be found in Chapter 7 of this report. 
 
 

 

3.1.1.3. Soil respiration - Soda lime 

 
Soil respiration was measured in all 15 pre-screening sites by means of the soda lime 
technique. This involves covering a soil plot with a chamber and then placing a pre-weighed 
open dish of soda lime within it. As the soil organisms release COB2B to the chamber it is 
quickly absorbed by the soda lime (along with water vapor).  
After 24 hours, the chamber is removed and the soda lime is dried at 105°C to evaporate the 
water and then weighed. The increase in mass of the soda lime is attributable to CO B2B 
(Edwards 1982, Grogan 1998). 
 
The protocol we applied is described in Chapter 7.3. 
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3.1.1.4. Ecophysiological profiling 

 

SOIL COB2B EFFLUX 
 
For each of the 15 pre-screening sites, average soil respiration is given in Table 8. The 
values range from 183 to 495 mg COB2B mP

-2
P h P

-1 
Pwith a median value of 349 mg COB2B mP

-2 
Ph P

-1
P. 

Standard deviation of 6 measurements per site varies from 21.8 to 97.8 mg COB2B mP

-2
P h P

-1 
Pwith a 

median value of 45.0 mg COB2B mP

-2
P h P

-1
P.   

 
Soil respiration does not reveal a clear pattern among factors. No distinct differences were 
observed between landuse: forest, agricultural land and landfill soils all show comparable 
COB2B efflux-rates. Within forest, soils under deciduous trees tend to show slightly higher soil 
respiration values then forest soils of coniferous stands.  
On a comparable soil type (silt loam), COB2B efflux of pasture (PS09) was 67 % greater than on 
the adjacent bare cropland (PS10). The main difference between these two sites was the 
graminean vegetation. This suggests that the root and ground cover respiration adds 
significantly to the respiration of the soil microbiota (in this case 191 mg CO B2 BmP

-
P² h P

-1
P).  

Therefore, photosynthetic organs in the respiration chamber should be removed as much as 
possible for in situ soda lime measurements. Removal of roots however is not feasible 
without seriously disturbing the local in situ conditions.  
 
Table 8. Soil respiration measurements (mean and standard deviation) obtained by the soda 
lime technique (6 replicates and two blanks per site) taken from the pre-screening sites. 

Plot Site Soil COB2B-efflux 
( mg COB2 Bm P

-
P² h P

-1
P)

  Mean SD
PS01 De Inslag 349.3 52.1
PS02 Arduinbos 182.8 48.6
PS03 Het Kamp 432.7 58.0
PS04 Beerlegem 244.8 36.8
PS05 Withoefse heide 306.7 36.1
PS06 Zoniën 303.3 31.0
PS07 Wijnendale 488.2 21.8
PS08 Oude Mombeek 495.4 45.0
PS09 Elst (pasture) 476.8 40.9
PS10 Elst (cropland) 285.8 97.7
PS11 Meigem part 37 246.3 46.0
PS12 Meigem part 16 339.8 35.2
PS13 Meigem part 34 440.7 84.9
PS14 Meigem part 21 359.5 22.3
PS15 Schorisse 355.8 79.8

 
For the pre-screening sites, no differences were found between light and heavy textured soils 
(medians are both around 350 mg CO B2 BmP

-
P² h P

-1
P) in contrast with soil humidity. Wet sites (PS07 

-Sandy and PS08-Silt loam/Clay) show the greatest COB2B efflux rates, followed by moist and 
dry sites. The latter are not significantly different from each other. It should be noted that the 
two wet sites are both planted with Poplar which may confound with soil moisture. Poplar 
stands are mostly characterized by fast mineralisation and nutrient turnover, a high microbial 
biomass and consequently an elevated respiration rate. 
The lowest respiration rates are observed on PS02 and PS04 monocultures, respectively 
with Corsican Pine and Spruce as tree species.  
Within the landfills (PS11-14) the heavy metal polluted sites (PS11 and PS12) apparently 
show a lower CO B2B respiration than the not polluted landfill sites and the difference seemed 
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most pronounced when afforested. No relationship was found between COB2B efflux and forest 
age for this rather limited pre-screening dataset. 
 
 

TOC AND WBC 
 
The total organic carbon (TOC) content of the mineral topsoil of the pre-screening plots 
ranges from 0.76 to 5.82 % C with a median value of 3.23 % (Table 9).  
Sandy soils of the pre-screening sites typically show lower levels (median 0.95 % TOC) 
compared to the heavier textured soils (median 4.10 % TOC). When stratified according to 
landuse type, silt loam soils under agriculture show the lowest TOC levels (median 1.44 %, 
range 0.90-1.99 %) while forest soils (median 1.61 %; range 0.76  - 5.16 %) and landfill soils 
(median 4.93; range 3.97 – 5.82 %) were found to have the greatest levels. 
 

Table 9. Organic Carbon levels in composite samples (n = 16) of the mineral 
topsoil (0-10 cm) taken from the pre-screening plots. 

Plot Site TOC WBCBNCPB

$
P WBCB1.32 PB

$$
P HWC 

    % % % ug gP

-1
P
 

PS1 De Inslag 0.76 0.60 0.80 921 
PS2 Arduinbos 1.61 1.32 1.74 886 
PS3 Het kamp 1.51 0.95 1.26 763 
PS4 Beerlegem 0.90 0.72 0.95 486 
PS5 Withoefse heide 0.95 0.66 0.87 771 
PS6 Zoniën 5.09 3.38 4.46 633 
PS7 Wijnendale 3.23 2.03 2.68 1420 
PS8 Oude Mombeek 5.16 3.13 4.13 2004 
PS9 Elst pasture 1.99 1.51 1.99 631 
PS10 Elst cropland 0.90 0.65 0.86 345 
PS11 Meigem part 37 5.62 3.27 4.32 748 
PS12 Meigem part 16 5.82 4.01 5.30 893 
PS13 Meigem part 34 3.97 2.77 3.66 734 
PS14 Meigem part 21 4.24 2.93 3.87 934 
PS15 Schorisse 3.65 2.32 3.06 1335 

P

$
P Walkley-Black carbon level without correction factor 

P

$$
P Walkley–Black carbon level with standard correction factor of 1.32 (76 % recovery) 

  
 
Walkley-Black carbon (WBC) is listed in Table 9 without (WBC BNCB) and with the standard 
correction factor of 1.32 (WBC B1.32 B) since there is evidence that this factor is inappropriate for 
most forest soils (De Vos et al., 2007). WBCBNCB ranges from 0.61 to 4.03 % with a median 
value of  2.03 %. This easy oxidisable fraction of total carbon is strongly correlated with TOC 
(Figure 16).  
The intercept of the linear relationship is not significantly different from 0 (p = 0.11), so the 
equation may be written as: WBC BNCB = 0.66 TOC     (R²=0.99 p < 0.0001). 
Consequently, on average 66 % of the total organic carbon is recovered by the Walkley-
Black method and about 34 % of the carbon withstands dichromate oxidation and may be 
considered as recalcitrant. The recovery rate was clearly different among landuse types. 
The standard recovery (RC) of  76 % (Walkley 1947) was applicable for the soils under 
agriculture, sites PS9 (RC 76%) and PS10 (RC 73%). When corrected with the factor 1.32, 
no appreciable difference was found between WBC B1.32 B and TOC. 
However, the recovery of the forest soils varied between 61 and 82 % and for the landfill 
soils between 58 and 70 %. This means that more recalcitrant carbon fractions are present in 
these soils which are difficult to oxidise with dichromate. 
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Figure 16. Linear regression of uncorrected Walkley-Black 
carbon (WBCBNC B) against total organic carbon level of the 
mineral topsoil (0-10 cm) of the 15 pre-screening plots  

 
For the forest soil samples, ROC varied between 0.16 and 2.01 % and for the samples 
originating from the landfill site with dredged material, ROC ranged between 1.19 and 2.34 
%.  
 

HWC 
 
Hot water carbon ranged from 345 to 2004 µg g P

-1
P with a median value of 771 µg g P

-1
P (Table 9). 

No significant (p = 0.13)  linear relationship was found between HWC and TOC when all pre-
screening sites were considered. However, when stratifying the data according to landuse, 
there is a tendency for HWC to increase with increasing TOC in forest soils (Figure 17). 
Sonian forest (plot PS06) is observed as an outlier.  
 
The landfill plots indicated in green (PS11 to PS14) have low HWC values relative to their 
TOC content. TOC contents are typically elevated on these plots. These sites are very young 
soils (< 20 years) originating from dredged silt material. It is likely that microbial life is still 
developing in this young terrestrial ecosystem. The soil of this landfill site is also 
contaminated with heavy metals which may have an impact on microbial populations. The 
polluted plots (PS11 & PS12), where no mineral substrate cover was applied and sampling 
was done in the contaminated dredged material, are situated most to the right and show the 
lowest HWC/TOC ratios of the landfill sites.  
The soils under agriculture are situated at the lower range of TOC and HWC, with the 
pasture (PS09) showing twice as much TOC and HWC as the arable land (Figure 17), which 
is also in agreement with soil respiration which is clearly more elevated at the pasture site 
(Figure 18).  
 
For the forest soils, the greatest TOC and HWC level was found at site PS08, a very fertile, 
alluvial, heavy textured site with Poplar. This site, together with PS07, showed the highest 
soil respiration (Table 8 and Figure 18) and an elevated HWC and TOC content. Site PS15 
(Schorisse), comparable with PS07 with respect to its HWC and TOC content, was selected 
as a test site for in depth research, together with the PS01 (Brasschaat site) showing a rather 
low TOC level, but relatively high HWC level as in proportion to TOC. 
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Figure 17. Plot of pre-screening sites according to their TOC and HWC content. 
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Figure 18. Plot of pre-screening sites according to their COB2B respiration and HWC content. 
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The relationship between microbial C biomass, indicated by HWC, and total soil respiration is 
illustrated in Figure 18.  Again, for forest soils, some linear relationship may be seen with site 
PS08 characterized by the greatest microbial biomass and the greatest soil COB2 B–efflux. Sites 
PS04 and PS02 have a rather low microbial biomass and low soil respiration level. 
 
The landfill soils (PS11-PS14) have a similar HWC content, but differ widely in soil 
respiration.The non-polluted, afforested site (PS13) shows the highest CO B2B-efflux. 
 
 
DERIVED INDICATORS 
 
Apart from the individual indicators HWC and CO B2B-efflux, two combined indicators for 
ecophysiological profiling were suggested by different authors (see chapter 2.1.1). The 
HWC:TOC ratio indicates the proportion of microbial carbon per unit of total soil carbon. High 
values indicate an great relative microbial pool. The other indicator is CO B2B respiration relative 
to the microbial C content: CO B2B-resp:HWC which is correlated with the metabolic quotient 
qCOB2B. This indicates the microbial activity. 
Both indicators are given in Figure 19. For the 15 sites, the greatest relative microbial pools 
(HWC:TOC > 5 %) were found on sites with coniferous forest on light textured soils (PS01-
PS05). Lower ratios (< 5 %) were found in deciduous forest, pasture and cropland on more 
heavy textured soils (PS06-PS15). This may be attributed to the greater TOC content in the 
heavy textured soils compared to the sandy soils (Table 9). Per unit of total C, more HWC is 
present in poor, coniferous forests that in more fertile ecosystems. 
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Figure 19. Potential Ecophysiological indicators for the pre-screening sites 
 
Regarding microbial activity, highest COB2B-efflux:HWC ratios are observed in the agricultural 
soils (PS09 and PS10), probably supported by liming and (organic) fertilization.  
On the landfill sites (PS11-PS14), microbial activity is high for a small relative microbial pool, 
while on the rich forest sites PS08, PS07 and PS15 both indicators seemed more in balance.  
It should be noted that CO B2B-efflux is not only microbial respiration but also B Bincludes COB2B 
evolution of plant roots, herbs, mosses, invertebrates, etc. Under temperate forests, 
microbial respiration represents one-half to two-thirds of the total soil respiration (Certini et 
al., 2003). The proportion attributed to microbes is almost impossible to assess in situ and 
should be determined under laboratory conditions. However, these conditions (temperature, 
humidity, …) will inevitably vary from those in the field.  
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3.1.1.5. Community level physiological profiling 

 

BIOLOGP

TM 

 
After following up the colouration of the BiologP

TM
P plates during one week, we decided to 

perform two readings after respectively five and seven days. Colouration is then as good as 
complete. Final analyses were performed based on the readings executed on day 5.  
 
Readings with an automatic plate reader finally result in optical densities (OD B590B) and binary 
data. The resulting absorbances (OD B590B) are transformed in positive, borderline (weak 
reaction) and negative values by the Biolog MicroStation system software program (release 
3.50). We transformed this ‘+/b/-‘ data matrix into two binary data matrices. In the first matrix 
borderlines are considered negative and ‘-/b’ replaced by zero, and ‘+’ by 1; further denoted 
as ‘b as 0’. While in the second, borderlines are considered positive and ‘+/b’ replaced by 1, 
and ‘-‘ by 0; further denoted as ‘b as 1’. In both matrices the amount of 0’s and 1’s was 
counted and used in further analyses as diversity measures. For the use of continuous data 
in the analyses, optical densities were corrected by subtracting the control well. Average well 
colour development (AWCD) was calculated for the entire plate based on the three replicates 
per sample. 
 
The ecoplate Biolog data was assessed for the 15 pre-screening plots (Table 10). The 
number of positive wells (S) ranged from 12 to 30 for ‘b as 0’, and 14 to 30 for ‘b as 1’. On 
average 22 and 24 wells out of 31 show a positive reaction, for borderline 0 and 1 
respectively. The absolute difference between SBbas0B and SBbas1B ranges from 0 to 7 with a mean 
of 2.8 and median of 2. Consequently, both values are well correlated (Figure 20) and lead to 
similar conclusions. 
 
Table 10. Biolog data indices calculated for the 15 pre-screening sites (3 replicates per site): S 
= number of wells with colour development (b = borderline), AWCD = Average Well Colour 
Development (continuous data), H’ = Shannon diversity and E = Shannon evenness of 
substrate utilization (binary data).  
Plot Site S 

bas0 
S 

bas1
AWCD H’ 

bas0 
H’ 

bas1 
E 

bas0 
E 

bas1 
PS01 Inslag 20 27 -0.52 2.885 3.226 0.963 0.979 
PS02 Arduinbos 16 16 -0.27 2.678 2.667 0.966 0.962 
PS03 Het kamp  24 28 -0.72 3.104 3.274 0.977 0.982 
PS04 Beerlegem 22 27 -0.76 3.047 3.228 0.986 0.979 
PS05 Withoefse hei 15 20 -0.24 2.651 2.933 0.979 0.979 
PS06 Zoniën 24 26 -0.96 3.161 3.247 0.995 0.996 
PS07 Wijnendale 12 14 -0.30 2.409 2.591 0.970 0.982 
PS08 Oude Mombeek 23 25 -0.93 3.099 3.174 0.988 0.986 
PS09 Elst pasture 30 30 -1.66 3.381 3.381 0.994 0.994 
PS10 Elst cropland 25 27 -1.10 3.187 3.264 0.990 0.990 
PS11 Meigem part 37 18 20 -0.60 2.834 2.933 0.980 0.979 
PS12 Meigem part 16 26 28 -0.97 3.188 3.275 0.978 0.983 
PS13 Meigem part 34 22 24 -0.71 3.034 3.144 0.982 0.989 
PS14 Meigem part 21 20 26 -0.69 2.949 3.188 0.984 0.978 
PS15 Schorisse 26 27 -0.89 3.187 3.244 0.978 0.984 
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Figure 20. Relationship between number of positive wells with (SBbas1B) and 
without (SBbas0B) borderline values 

The average well colour development (AWCD) results are generally presented by their 
absolute value. In this case the higher the |AWCD| the more colour development of the 
carbon sources was found. Absolute AWCD ranges from 0.24 to 1.66 with a median of 0.72 
(Table 10). The variable S Bbas0B is better correlated with AWCD (r = 0.92) than S Bbas1 B(r = 0.77), 
suggesting that the borderline values mostly give weak colour responses closer to the 
negative response than to the positive response.  
AWCD may be predicted from SBbas0B by the equation: AWCD = -0.7579 + 0.0702 S Bbas0B (R² = 
0.84, p <0.0001) B .BB 
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Figure 21. Relationship between average well colour development 
(AWCD) and number of positive wells (SBbas0B) 
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The greatest overall rate of colour development (AWCD) was found on the agricultural sites 
(PS09 and PS10) with pasture (PS09) as the greatest response with also highest number of 
coloured wells (substrate richness). 
Lowest AWCD and richness was found for sites PS07, PS05 and PS02. This is expected for 
the low fertility Pine stands (PS02 and PS05), but is surprising for the Poplar stand PS07 
where relatively high HWC and COB2B-efflux rates were found. This could indicate an active 
system, but with a functionally poor microbial community structure. 
 
The Shannon diversity (H’) and evenness (E) are presented in Table 10 and Figure 22 (for 
borderline set as 0 only). The substrate utilisation richness (H Bbas0B) ranges from 2.41 to 3.38 
(median 3.05) and evenness (EBbas0B) from 0.96 to 0.995 (median 0.98). Evenness is generally 
high (> 0.95). For sites PS07, PS02 and PS01 the C-substrate utilisation by their microbial 
communities are distributed less equitably among the different substrates than for the other 
sites. In contrast, sites PS06 and PS09 are determined by a greater number of used C 
substrates and utilisation is also more evenly distributed among the wells. 
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Figure 22. Relationship between Shannon diversity indices richness (H’) and evenness (E) for 
the 15 pre-screening sites. 
 
In some cases, number of carbon substrates is comparable (as for PS01-PS11 and PS02-
PS05), but evenness is different.  
 
We tested the impact of different factors on the diversity indices AWCD, SBbas0B, HBbas0B and EBbas0B 
using the non-parametric Kruskal-Wallis rank test. The different groups or factors for the pre-
screening sites are defined in Chapter 9.1. They comprise landuse, forest type, soil texture 
and humidity class, pollution status, main tree species and forest age. 
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The diversity indices are clearly higher for agricutural landuse (e.g. AWCD in Figure 23), than 
for forest and landfill sites, but this is not significant (p > 0.08) according to a Kruskal-Wallis 
test. 
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Figure 23. Boxplot for AWCD value according 
to landuse type 

Figure 24. Boxplot for richness (SBbas0B) 
according to light or heavy texture 

 
All diversity indices generally increased in the order: coniferous forest < deciduous forest < 
cropland < pasture, but the differences between groups were not significant possibly due to 
the limited number of observations. More observations are grouped within the texture classes 
light and heavy. All indices show significant greater values on heavy textured soils than on 
light textures as illustrated for S Bbas0 Bin Figure 24.  
 
Table 11. p-values for Kruskal wallis tests of 8 factors and their impact on biodiversity indexes 
AWCD, S, H, E for the pre-screening sites. Code NS means not significant at the p = 0.05 level  
 
Index Landuse Type Texclass Humidcl Treesp FAcl Oldfor Pollstatus 
AWCD NS NS 0.0071** NS NS NS NS NS 
S NS NS 0.0269* NS NS NS NS NS 
H’ NS NS 0.0199* NS NS NS NS NS 
E NS NS 0.0048** NS NS NS NS NS 
 
The functional diversity indexes do not differ significantly among soil humidity classes (Table 
11), although well drained, dry soils seem to exhibit higher index values than moist and wet 
soils (Figure 25). Larger variation under wet soil conditions is observed. There are some 
differences among tree species, but the observations within each group are too limited to find 
significant differences.  
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Figure 25. Boxplot for richness (SBbas0B) 
according to soil moisture condition 

Figure 26. Boxplot for richness (SBbas0B) 
according to forest age class (see Chapter 9.1) 
for code explanation. Code 0 = no forest 
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No differences were found between so called old forests and recent ones. We found large 
variation of functional diversity indexes for sites that had been under forest for at least 300 
years unlike recent forests that showed smaller variation but generally higher indexes. Not 
afforested sites (cropland, meadow and unforested landfills) show the highest richness. 
Pollution with heavy metals is not affecting indexes in the pre-screening dataset. 
 
When conducting principal component analysis (PCA) on the site average of the optical 
densities of all 31 C sources, all C-sources contribute positively to Component 1 except  E4 
(L-Threonine), whereas they contribute both in a positive and negative way to component 2 
(Figure 27). In fact, component 1 is well correlated with AWCD and substrate richness (S). 
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Figure 27. First 2 components of PCA of the average optical 
densities of all 31 C sources.  Site numbers are plotted in black. 

 
Figure 28 illustrates the factors in the PCA plot of the first 2 components. According to the 
Principal Component Analyses, microbial communities in light textured soils are isolated from 
those in heavy textured soils. This is analogous to the results from the  Kruskall-Wallis test 
where we found a strong significant correlation between all used factors indicating microbial 
diversity and richness with texture class.  
 
Given the small amount of sites in the pre-screening, multivariate analyses of variance 
(Manova) could not be used in this phase.  
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Figure 28. Factors plotted for each site in the PCA plot of Biolog OD (Comp 1 & 2) of 31 C-sources.
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RELATION BETWEEN EP AND CLPP INDICATORS 
 
Although the pre-screening dataset is rather limited, we tried to reveal linear relationships 
between the investigated variables. When all 15 sites are considered, total soil respiration 
(COB2Beff) was best correlated with HWC, the microbial carbon, whereas no linear relation was 
found with TOC or WBC BNCB. Thus, more microbial C leads to more COB2B respiration. 
CLPP indicators (AWCD, S, H and E) were not or weakly correlated with CO B2B-efflux (Table 
12). For the forest sites COB2B was even better correlated with HWC; while not correlated with 
carbon ratio’s or CLPP indicators. A high correlation was observed between TOC and 
Walkley-Black carbon, TOC and ROC. The latter is logical since ROC is derived from TOC 
and WBCBNCB. The same holds true for the negative correlation between both ratio’s 
HWC:TOC and CO2:TOC and TOC. More soil organic carbon is not related to a greater 
BIOLOG performance: overall rate, richness and diversity indices are not correlated. For 
forest sites only, AWCD and evenness seem positively correlated (0.60 and 0.59) to TOC, 
but this is not significant at the p = 0.05 level. All findings related to TOC hold true for WBC BNC B 
also (Table 12). 
  
Table 12 Pearson correlation matrix based on all Pre-screening sites (white cells) or a subset of 
forest sites only (greyed cells). Significance was tested for absolute values > 0.5 and indicated 
with *, ** and *** for significance at the 0.05, 0.01 and 0.001 level respectively. 

 COB2Beff TOC WBCBNC B HWC ROC HWC:TOC COB2B:HWC COB2B:TOC AWCD Sbas0 Hbas0 Ebas0 
COB2Beff 1.00 0.45 0.36 0.71* 0.57 -0.13 0.01 -0.07 0.22 0.04 0.00 0.07 
TOC 0.19 1.00 0.99*** 0.60 0.99*** -0.76* -0.29 -0.81** 0.60 0.34 0.34 0.59 

WBCNC 0.17 0.99*** 1.00 0.54 0.99*** -0.77* -0.30 -0.84** 0.59 0.34 0.34 0.58 
HWC 0.52* 0.41 0.36 1.00 0.67* -0.18 -0.67* -0.40 0.16 -0.01 -0.05 -0.03 
ROC 0.20 0.97*** 0.93*** 0.47 1.00 -0.72* -0.26 -0.75* 0.61 0.35 0.34 0.58 

HWC:TOC -0.09 -0.74** -0.75** 0.03 -0.68** 1.00 -0.01 0.90*** -0.52 -0.33 -0.34 -0.68* 
COB2B:HWC 0.17 -0.37 -0.34 -0.67** -0.40 -0.14 1.00 0.42 0.22 0.26 0.28 0.34 
COB2B:TOC 0.00 -0.87*** -0.88*** -0.33 -0.82*** 0.84*** 0.41 1.00 -0.36 -0.17 -0.17 -0.46 

AWCD 0.32 0.15 0.18 -0.18 0.10 -0.42 0.61* -0.06 1.00 0.92*** 0.93*** 0.72* 
Sbas0 0.21 0.12 0.16 -0.20 0.05 -0.33 0.52* -0.02 0.92*** 1.00 0.99*** 0.53 
Hbas0 0.16 0.15 0.18 -0.23 0.09 -0.36 0.52* -0.04 0.90*** 0.99** 1.00 0.60 
Ebas0 0.15 0.25 0.26 -0.24 0.23 -0.59* 0.56* -0.23 0.74** 0.60* 0.66** 1.00 

 
For the pre-screening sites, negative correlation coefficients were found between HWC and 
Biolog CLPP indices. This is even more clear when the relative HWC is concerned (the 
HWC:TOC ratio) and its relationship to evenness (Figure 29). This negative correlation is  

consistently found fot the afforested sites 
also. The HWC:TOC ratio is well correlated 
with COB2B:TOC ratio, which is logical since 
HWC and COB2B respiration are correlated as 
well.  
The COB2B:HWC ratio is positively correlated 
with the Biolog indices when all sites are 
considered, but this is not the case for the 
afforested sites. 
The AWCD indices are well correlated 
among each other.   
 
Overall, strong linear relationships between 
ecophysiological parameters and CLPP 
parameters were not found. This will be 
checked on a much more extended dataset 

comprising more soil and forest types in Flanders region.  
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Figure 29. Relationship between HWC:TOC 
ratio an Evenness for all pre-screening sites.
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BIOLOG PATTERNS OF THE C-SOURCES 
 
The pre-screening dataset consists of 15 sites where the topsoil was tested using Biolog P

TM
P 

EcoPlates. For each site, response data (colour reaction) of 31 wells (C-sources) were 
collected in triplicate. The average value of the triplicate colour measurements for each C-
source was used as the ‘species abundance’  variable for IndVal input. 
 
The groups are categorical environmental variables and habitat types. We looked for C-
sources specifically linked with Landuse (Forest – Agriculture – Landfill), Vegetation type 
(Coniferous, Deciduous, Pasture or crop), Texture class (Light – Heavy), Soil humidity (Dry – 
Moist – Wet), soil pollution level (Not polluted - Polluted) and Forest Age class (Young forest 
– Old forest  > 300 yrs). The results are given in Tables 13 to 15. Only the indicator value of 
significant (p < 0.05) indicators are mentioned in the Tables. 
 
 Table 13.  EcoPlate C-source indicators for different landuse systems 
   Indicator value (%) 
Well C-source Category Forest Agriculture Landfill
A2 β-Methyl-D-Glucoside Carbohydrates 21 63 16 
B2 D-xylose Carbohydrates 14 76 10 
C1 Tween 40 Polymers 26 41 32 
C3 2-Hydroxy Benzoic Acid Phenolic compounds 3 96 0 
C4 L-Phenylalanine Amino acids 10 88 2 
E1 α-Cyclodextrin Polymers 9 85 5 
F1 Glycogen Polymers 22 64 14 
 
Based on the pre-screening dataset, seven out of 31 C-sources are significant indicators for 
landuse system. Maximum indicator values are always attributed to the agricultural system. 
The carbon sources belong to different biochemical categories according to Choi and Dobbs 
(1999), but Polymers and Carbohydrates are most frequent. No indicators were found in the 
category of Carboxylic acids or Amines.  
 
Indicator values are again greatest for soil supporting non-forest vegetation types (Table 14). 
Differences between Coniferous and Deciduous vegetation types are relatively small for 
these C-sources. This suggests that there is a rather large difference between forests and 
non-forest systems and that stratification is needed for proper interpretation of Ecoplate data. 
 
 Table 14. EcoPlate C-source indicators for different vegetation types 
   Indicator value (%) 
Well C-source Category Coniferous Deciduous Non-forest 
A2 β-Methyl-D-Glucoside Carbohydrates 24 19 57 
B2 D-xylose Carbohydrates 22 12 66 
C1 Tween 40 Polymers 28 32 41 
D4 L-Serine Amino Acids 9 34 54 
E3 Ү-Hydroxybutyric Acid Carboxylic acids 15 28 57 
G2 Glucose-1-Phosphate Carbohydrates 2 2 95 
G4 Phenylethylamine Amines 7 22 69 
H3 D-Malic Acid Carboxylic acids 22 23 55 
 
Glucose-1-phosphate is a C-source mainly for microbial communities of non-forest soils 
since in forest soils almost no reaction is found. 
Table 15 provides information on indicators for texture class. We only discriminated two 
classes: sandy textures (‘light textured’) and more clayey soil textures (‘heavy textured’). The 
USDA texture classes silt loam or finer belong to the heavy textured group. The indicator 
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value is greatest for the heavy textured soils, showing that these C-sources are more easily 
attacked and metabolized by microbial populations on heavy soils than on sandy soils.  
 
 Table 15. EcoPlate C-source indicators for different texture classes 
   Indicator value (%) 
Well C-source Category Light texture 

(sandy soils) 
Heavy texture 
(clayey soils) 

A3 D-Galactonic Acid Ү-
lactone 

Carbohydrates 15 
85 

A4 L-Arginine Amino Acids 26 74 
B3 D-Galacturonic Acid Carboxylic acids 18 82 
B4 L-Asparagine Amino Acids 25 75 
C1 Tween 40 Polymers 42 58 
D1 Tween 80 Polymers 32 68 
D2 D-Mannitol Carbohydrates 39 61 
D3 4-Hydroxy Benzoic Acid Phenolic compounds 31 69 
D4 L-Serine Amino Acids 8 90 
E3 Ү-Hydroxybutyric Acid Carboxylic acids 8 92 
F2 D-Glucosaminic Acid Carboxylic acids 29 63 
F3 Itaconic Acid Carboxylic acids 15 85 
G4 Phenylethylamine Amines 2 97 
H2 D,L- α-Glycerol 

Phosphate 
Carbohydrates 10 

83 
H3 D-Malic Acid Carboxylic acids 28 72 
H4 Putrescine Amines 17 83 
 
Carbon source D-Xylose (B2) was the only significant indicator (p = 0.026) for dry conditions 
when comparing groups of soil humidity classes.    
In the pre-screening dataset there were no C source indicators that could differentiate 
between polluted and non-polluted sites, nor indicators for young versus old forests. 
 
 
 

 

 

 

 

 

 
 

Box 1. Partial conclusions of Pre-screening tests 
 

• The magnitude of HWC results are method dependant; standardization is essential for 
comparability of the results. Therefore a detailed protocol is developed an suggested. 

• HWC is best determined on an oven dry soil sample, suspended as 5 g soil on 25 ml 
distilled water, and extracted in hot water below boiling temperature for 16 hours.  

• Preference is given to Biolog Ecoplates with less C substrates but more replicates (3) over 
GN plates with more substrates but no replicates per plate. 

• Since colour development decreased after sedimentation of the suspended sample, 
inoculation should be performed after shaking the suspension. 

• Dilutions resulting in 40 - 150 CFUs on agar plates were most appropriate for Ecoplate 
inoculation;  relative standardisation of the inoculum density seems important. 

• Sites with ground vegetation add substantially to COB2B-efflux rates;  assessing COB2 B 
evolution of microbial populations only is very difficult in situ; total soil respiration is 
much easier to determine, but more difficult to interpret. 

• Wet sites show the greatest CO B2B-efflux rates. 
• Respiration (based on soda lime technique) shows no correlation with carbon 

measurements or microbial diversity indices. 
• TOC levels on sandy soils are lower as compared to heavier textured soils 
• WBC & TOC are strongly positively correlated; recovery rate however differs between 

agricultural sites and forest & landfill sites, the latter showing more recalcitrant C (ROC) 
• HWC is correlated to TOC only when stratifying according to landuse (positive correlation) 
• Metal contamined sites show low HWC:TOC ratio’s; highest ratio’s are found on 

agricultural land, and the ratio’s are greater in coniferous stands than deciduous stands  
• Microbial diversity indexes determined from Ecoplates are well correlated with each other; 

they are greatest for agricultural soils and higher on fine textures than sandy textures. 
• Related to C substrate patterns, significant difference is observed between non-forest and 

forest ecosystems, with agricultural systems best indicated by specific substrates, 
especially Polymers and Carbohydrates. 
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3.1.2. DETAILED SCREENING: TEMPORAL VARIATION 
 
 

3.1.2.1 Ecophysiological profiling 

SOIL COB2B EFFLUX 
 
The within year evolution of total soil respiration on the two test sites, the sandy site with 
Scots Pine in Brasschaat and the silt loam soil with deciduous forest in Schorisse, is 
illustrated in Figure 30.  
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Figure 30. Monthly in situ soil respiration (mg CO B2B 
mP

-2
P hP

-1
P) of the test sites Schorisse (silt loam) and 

Brasschaat (sand). 

Figure 31. Monthly air temperature regime in 
2006: minima in blue, maxima in red and 
average in green (data from KMI). 

 
The monthly respiration measured in Schorisse is generally higher than in Brasschaat with 
peaks in the months May and July. From February to April and from September to December 
(the colder months) patterns were similar at both sites.  When comparing Figures 30 and 31, 
it is evident that COB2B respiration is closely related to air temperature. 
 
In February and December, soil respiration rates are at a level of 200-230 mg COB2B mP

-2
P h P

-1
P. In 

spring, it increases with about 80 mg CO B2B mP

-2
P h P

-1
P per month to reach a level between 400 

and 600 mg CO B2B mP

-2
P h P

-1
P in the warmest months July and August. During spring and summer, 

differences between monthly measurements may amount up to 200 mg CO B2B mP

-2
P h P

-1
P. From 

September onwards, it decreased although in October it was 100 mg COB2B mP

-2
P h P

-1
P higher than 

in September. After that it decreased rapidly. 
Average in situ soil respiration over the observation period was 332.5 mg COB2B mP

-2
P h P

-1
P for 

Brasschaat and 367.7 mg CO B2B mP

-2
P h P

-1
PB Bfor Schorisse. Variation was greater in Schorisse (SD = 

120.8; CV = 33 % ) than in Brasschaat (SD = 81.7, CV = 25%). A paired t-test did not reveal 
a significant difference (p = 0.136). 
 
From Figure 30 it is clear that soil respiration is strongly varying throughout the year and 
when comparison is to be made among sites, standardisation for the time of sampling is 
essential. Sampling during the warmest summer months probably provides the most useful 
data, except when extreme conditions occur, which is impossible to foresee. 
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TOC 
 
We assumed that the total organic carbon concentration was not varying significantly within 
the year, but that most variation was due to spatial heterogeneity and sampling error. 
Therefore, we set the average TOC for each site to the average value of the 12 composite 
samples (4 subsamples per composite sample) as conducted for the spatial analysis (next 
chapter). Average topsoil TOC at Brasschaat is 2.01 ± 0.31 %  while  4.31 ± 0.74 % at 
Schorisse. We used these ‘fixed’ TOC values for calculating the TOC based ratio’s.  
 

HWC 
 
The temporal variation for hot water extractable carbon is illustrated in Figure 32. Average 
HWC content in Brasschaat is 1043 µg g P

-1
P (SD = 264) and 1788 µg g P

-1 
P(SD = 378) in 

Schorisse. Over the whole observation period, HWC content is greater in Schorisse than in 
Brasschaat. A paired t-test revealed a significant difference (p < 0.001) between the means 
of 745 µg g P

-1
P. 
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Figure 32. Monthly HWC content of the topsoil (0-10 cm) of Brasschaat (Sand) and Schorisse 
(Silt loam) sites from February to December 2006 
 
A slightly increasing trend may be observed from February till June, a decrease in 
September and a remarkable increase in October.  
 
When aiming at comparing topsoil HWC content among sites, these results suggest that 
sampling may be done throughout the year to end up with analogue conclusions. 
 
Since the TOC content in Schorisse is more than double that of Brasschaat, the HWC:TOC 
ratio in Brasschaat is greater than in Schorisse. Per unit total carbon more extractable 
carbon, and probably microbial carbon, is present at the sandy site than at the silt loam. 
Average HWC:TOC is 5.19 % in Brasschaat (SD = 1.32) while 4.15 % (SD = 0.88) in 
Schorisse. A paired t-test reveals a difference of 1.04 % (p = 0.009). 
The peak values of the months July, August and September may be explained by the 
exceptional weather conditions in 2006. July 2006 was the warmest month ever registered 
(highest min, max and average air temperature since 1833) for Belgium. August was the 
inverse: cool and exceptionally rainy (210 mm instead of the usual 70 mm) and cloudy (95  
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Figure 33. Monthly HWC:TOC ratio of the topsoil (0-10 cm) of Brasschaat (Sand) and Schorisse 
(Silt loam) sites from February to December 2006 
 
hours of sunshine instead of the usual 188 h). September was again exceptionally dry (10 
mm of precipitation instead of 70 mm; again a new record since 1833). This is clearly 
observed in a decrease of the HWC content, especially on sandy soils suffering more quickly 
from soil water deficiency. In October and November, rainfall was back to normal levels (57 
and 72 mm for these months, respectively) while average monthly temperatures remained 
high. When moisture was available, HWC increased substantially. 
It shows that HWC is clearly affected by extreme temperature and moisture conditions, 
especially on sandy soils.  
 
The extremes of HWC in September and October are also clearly observed in the soil CO B2B – 
efflux (Figure 30). However, the ratio of in situ soil respiration to HWC content, as illustrated 
in Figure 34, reveals no differences, suggesting a balance between HWC and COB2B-efflux. 
This balance is somehow disturbed in May and August, both months with very high total 
rainfall. 
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Figure 34. Monthly COB2B-efflux:HWC ratio of the topsoil (0-10 cm) of Brasschaat (Sand) and 
Schorisse (Silt loam) sites from February to December 2006 
 
Over the whole year, total COB2B-efflux per unit of HWC is significantly (p = 0.0003) greater in 
Brasschaat than in Schorisse. On a nutrient-poor sandy site more CO B2B relative to the 
microbial C pool escapes from the soil whereas on a more fertile silt loam soil we expect that 
C is more efficiently incorporated in microbial, vegetational, faunal and mineral soil C pools.  
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3.1.2.2. Community level physiological profiling 

 

CFU 
 
From the two test sites, bacterial colonies (CFU) were counted from the composite soil 
samples consisting of 16 subsamples each, from May to December 2006 (Table 16). Soil 
extractions were diluted 10 P

-1
P, 10 P

-2
P, 10 P

-3 
Pand 10 P

-4
P and inoculated on agar plates. Bacterial 

colonies (CFU) that developed in dilution 10P

-1 
Pand 10 P

-2
P were used for further analysis and are 

shown in Figures 35 and 36 as a function of time (monthly status).  
 
Table 16.  Number of bacterial colony forming units according to 4 dilution factors from May to 
December 2006 

Date Site 
Dilution 

10 P

-1
P
 

Dilution 
10 P

-2
P
 

Dilution 
10 P

-3
P
 

Dilution 
10 P

-4
P
 

17/05/2006 Brasschaat 50 15 5 1 
 Schorisse 344 122 16 2 
21/06/2006 Brasschaat 35 11 10 11 
 Schorisse 353 90 27 6 
26/07/2006 Brasschaat 45 8 7 3 
 Schorisse 261 136 16 5 
9/08/2006 Brasschaat 67 12 10 4 
 Schorisse 298 102 51 15 
13/09/2006 Brasschaat 16 4 0 2 
 Schorisse 315 94 30 3 
18/10/2006 Brasschaat 65 6 0 0 
 Schorisse 286 51 12 3 
22/11/2006 Brasschaat 44 6 7 1 
 Schorisse 346 90 18 5 
13/12/2006 Brasschaat 27 1 4 3 
 Schorisse 228 65 9 3 

 
At the more fertile silt loam site in Schorisse, a greater abundance of CFU’s was found than 
on the oligotrophic sandy site in Brasschaat in all months measured (Figures 35 and 36).  
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Figure 35. Number of CFU counted in a 10 P

 -1
P 

dilution of the soil extract from May to December 
2006 

Figure 36. Number of CFU counted in a 10 P

 -2
P 

dilution of the soil extract from May to December 
2006 
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For dilution 10 P

-1
P, average CFU for Schorisse is 304 (SD = 45), while 44 (SD = 18) for 

Brasschaat which is 7 times smaller. For dilution 10 P

-2
P, average CFU is 93.8 (SD = 27.6) for 

Schorisse and 7.9 (SD = 4.6) for Brasschaat which is 12 times smaller. 
 
The dilution 10P

-2
P was considered most reliable for the Schorisse site as more than 250 

colonies per plate raises difficulties in the accuracy for counting. In contrast, the dilution 10 P

-1
P 

was most reliable for Brasschaat due to the small amount of CFU’s present on the agar plate 
(only one colony was found in December at 10 P

-2
P while still 27 colonies at 10 P

-1
P, Table 16). 

Moreover, no significant linear relationships were found between CFU’s at dilution factors 10P

-

1
P and 10 P

-2
P at both sites, making comparison rather difficult. 

 
In Figure 35 (dilution 10 P

-1
P), CFU reach their highest level in June and November for 

Schorisse, and in August and Oktober for Brasschaat while in May and July for Schorisse 
and in May and August for Brasschaat based on the 10 P

-2
P dilution. This is not really 

consistent. A decrease was found for the Brasschaat site in September at both dilutions, 
possibly explained by the extreme drought during that month. For the Schorisse site, this was 
observed a month later.  
 

BIOLOGP

TM 

 
The temporal variation of the BIOLOG indexes AWCD, SBbas0B, HBbas0B and E Bbas0B were assessed 
at both sites form April onwards. AWCD values diverge from April to June but show similar 
levels from July to December. Average AWCD is higher in Schorisse (1.1045, SD = 0.23) 
than Brasschaat (0.781, SD = 0.34) and shows less variation.  
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Figure 37. Monthly AWCD of the topsoil (0-10 cm) of Brasschaat (Sand) and Schorisse (Silt 
loam) sites from April to December 2006 
 
The number of positive wells, S Bbas0B, follows a similar trend as AWCD, rather constant for the 
Schorisse site while distinctively lower during springtime for the Brasschaat site (Figure 38). 
Average richness is 27.1 for Schorisse and 23.1 for Brasschaat. The average of the latter is 
lower due to the lower S Bbas0B values from April to June.  
The same pattern is observed for the Shannon diversity index H Bbas0B, except for the 
observation at Schorisse in November, which is most probably an outlier. Before August, 
diversity is lower in Brasschaat than in Schorisse, while similar from August to December 
(Figure 39). This pattern is less clear for the evenness indicator, although still visible in 
Figure 40. 
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Figure 38. Monthly SBbas0B of the topsoil (0-10 cm) of Brasschaat (Sand) and Schorisse (Silt loam) 
sites from April to December 2006 
 

0 1 2 3 4 5 6 7 8 9 10 11 12
2.0

2.5

3.0

3.5

4.0
Sand / Brasschaat site
Silt loam / Schorisse site

Month (2006)

H
ba

s0

Figure 39. Monthly HBbas0B of the topsoil (0-10 cm) of Brasschaat (Sand) and Schorisse (Silt loam) 
sites from April to December 2006. The observation in November for Schorisse is most 
probably an outlier. 
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Figure 40. Monthly EBbas0B of the topsoil (0-10 cm) of Brasschaat (Sand) and Schorisse (Silt loam) 
sites from April to December 2006 
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This analysis suggests that on some sites BIOLOG indexes vary throughout the year while 
on other sites the indexes remain rather constant. Maximum divergence is observed in the 
months May and June. 
 
  
 
 
 
 
 
 
 
 

 

Box 2.  Partial conclusions of Temporal variation screening 
 

• Soil COB2B-efflux regime is similar between both test sites and is strongly related to the air 
temperature regime throughout the year.  Therefore, in order to compare sites, comparison 
should be done during the same time of year, preferably during summer (highest efflux). 

• A significant difference was found for HWC between the test sites throughout the year with 
the greatest levels at the silt loam site. When comparing topsoil HWC content among sites, 
sampling may be done throughout the year.  

• The HWC:TOC ratio is greater at the oligotrophic sandy site than at the nutrient rich silt 
loam site. Variation of this ratio is attributed to changes in HWC content due to extreme 
weather conditions: the exceptional dry months July and September 2006 forced the HWC 
to decrease especially on the sandy site. However, the COB2 B-efflux to HWC ratio remained 
rather in balance. 

• Regarding Community level physiological profiling, abundance of CFU’s was much higher 
on the nutrient rich silt loam site. The temporal variation pattern was unclear. 

• All BIOLOG indexes (AWCD, S, H and E) show a comparable variation pattern: rather 
constant at a high level for the nutrient rich silt loam site throughout the year while 
distinctively lower from April to June at the oligotrophic sandy site; from August onwards 
little difference is observed. 
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3.1.3. DETAILED SCREENING: SPATIAL HORIZONTAL VARIATION 
 
3.1.3.1. Ecophysiological profiling 

 

SOIL COB2B EFFLUX 
 
Soil COB2B respiration measured in August 2006 was substantially higher at the Schorisse site 
than at the Brasschaat site (Table 17). At the sandy Brasschaat site in situ CO B2B efflux ranged 
from 188.3 to 360.2 mg COB2B mP

-2 
Ph P

-1
P while at the Schorisse site it ranged from 231.7 to 643.3 

mg COB2B mP

-2 
Ph P

-1
P. The distribution of the measurements is given in Figures 41 and 42. 

 
Table 17. Soil COB2B-efflux (mg COB2 BmP

-2
PhP

-1
P) results on 

each cluster location for both test sites 
Cluster Brasschaat Schorisse 

A 198.8 425.2
B 188.3 290.6
C 258.7 490.6
D 276.8 NA
E 360.2 299.5
F 221.2 332.9
G 247.1 414.3
H 221.5 231.7
I 318.7 643.3
J 342.9 408.3
K 331.8 366.0
L 317.9 430.5

 
Average respiration at Brasschaat is 273.7 ± 37.8 mg CO B2B mP

-2 
Ph P

-1
P (SD = 59.5) while 393.9 ± 

75.1 mg COB2B mP

-2
Ph P

-1
P (SD = 111.8) at Schorisse. Hence, respiration  is significantly different (p 

= 0.0037, Power = 87 %) between the sites at that moment.  
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Figure 41. Histogram of COB2B respiration on the 
12 cluster locations at the Brasschaat site 

Figure 42. Histogram of COB2B respiration on the 
12 cluster locations at the Schorisse site 

 
In order to detect a difference between sites of 100 mg COB2 BmP

-2
P h P

-1
P with a power of 80 %, 

between 7 and 20 samples per site are needed; to detect a difference of 200 mg CO B2 BmP

-2
P h P

-1
P 

significantly among sites, 6 samples will suffice (Table 18).  
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Table 18. Number of samples needed to detect a specific CO B2B 

respiration difference between sites according to a Power of 80% 
Number of samples 

Brasschaat Schorisse 
Detectable 
difference 

mg COB2 Bm P

-
P² h P

-1
P
 Sand Silt loam 

50 22 80 
100 7 20 
150 4 10 
200 < 3 6 

 
Therefore, we consider 6 samples for application of the Soda-lime technique as a minimum, 
20 samples per site as an optimum. In order to obtain the same precision, more samples are 
required on a silt loam site than on a sandy site.  

 

TOC 
 
Total organic carbon in the topsoil (0-10 cm) ranged from 1.28 to 2.86 % at the Brasschaat 
site and from 2.47 to 6.10 % at the Schorisse site. The distributions of the 12 observations 
per site are given in Figures 43 and 44. TOC is substantially higher at the Schorisse site than 
at the Brasschaat site. Average TOC at Brasschaat is 2.01 ± 0.31 % (SD = 0.48) while 4.31 ± 
0.74 % (SD = 1.16) at Schorisse. Hence, TOC content is significantly different (p < 0.0001; 
Power > 99%).  
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Figure 43. Histogram of TOC content of the 
cluster locations at the Brasschaat site 

Figure 44. Histogram of TOC content of the 
cluster locations at the Schorisse site 

 
The number of samples needed to detect 1 % TOC difference between the means of two 
sites is more than 4 times higher at the silt loam site than at the sandy site (Table 19).  
 

Table 19. Number of composite samples needed to detect a specific TOC 
difference between sites according to a Power of 80 % 

Number of samples 
Brasschaat Schorisse 

Detectable 
difference 

(%) Sand Silt loam 
0.5 16 90 
1.0 5 22 
1.5 3 10 
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HWC 
 
Hot water carbon was determined on 48 individual sampling points as well as on 12 
composite samples (clusters). The range and distribution for HWC analyses are given in 
Figures 45 and 46 for the composite samples and Figures 47 and 48 for the individual 
samples. 
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Figure 45. Histogram of HWC content of 12 
composite samples at the Brasschaat site 

Figure 46. Histogram of HWC content of 12 
composite samples at the Schorisse site 

 
Hot water carbon in the topsoil is substantially higher at the Schorisse site than at the 
Brasschaat site. Average HWC of the composite samples at Brasschaat is 1149 ± 133 µg g P

-1
P 

(SD = 210) while 1503 ± 180 µg gP

-1
P (SD = 283) at Schorisse. Hence, HWC content is 

significantly different (p = 0.0021). 
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Figure 47. Histogram of HWC content of the 
48 sampling points at the Brasschaat site 

Figure 48. Histogram of HWC content of the 48 
sampling points at the Schorisse site 

 
From Figure 47, it is clear that HWC follows a lognormal instead of a Gaussian distribution. 
The lognormal geometric mean for the Brasschaat site is 1125 µg g P

-1
P (CI B95B = 1030-1228) and 

for the Schorisse site 2157 µg g P

-1
P (CI B95B = 1989-2337). When transformed, a t-test reveals no 

significant difference between the means of composite versus individual samples for the 
Brasschaat site (p = 0.80) but a significant difference (p = 0.0002) between the means for the 
Schorisse site. In the latter test case: composite sampling underestimated average HWC 
content between 360 and 1114 µg g P

-1
P. This must be related to a different spatial structure of 

HWC contents at these sites. Figure 49 shows the spatial variability of the HWC content at  
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Figure 49. Bubbleplot indicating specific spatial variation pattern of HWC content at 
the Brasschaat site 

 
the Braschaat site. Within most clusters of 4 points, we observe both small and large HWC 
contents. Of the total variation, 86 % is situated within clusters whereas 14 % is situated 
between clusters (Table 20). 
This is in contrast with the Schorisse site (Figure 50). Here we observe similar HWC levels 
within clusters but an increasing HWC content between clusters direction South-West. 
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Figure 50. Bubbleplot indicating specific spatial variation pattern of HWC content at 
the Schorisse site 
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At Schorisse, variation within clusters is 46.5 % and between clusters 53.5 % of the total site 
variation. Consequently, composite samples, simulated as cluster averages, will vary more at 
the Schorisse site than cluster averages at the Brasschaat site, as reflected by the SD 
between clusters (Table 20). 
 

Table 20. Variance component statistics of HWC (µg g P

-1
P)  

of 48 sampling points arranged in 12 clusters 
Statistic Brasschaat Schorisse
General mean 1177 2240 
General SD 385 645 
SD within clusters 356 440 
SD between clusters 146 472 
% var within clusters 85.6 46.5 
% var between clusters 14.4 53.5 

 
Semivariograms for Brasschaat and Schorisse are given in Figures 51 and 52. We excluded 
one outlier (2630 µg g P

-1
P) for the Brasschaat site because it strongly corrupted the variogram. 

The best fitted variogram model for the Brasschaat site is an exponential model, with 
parameters: scale 91500 and length 45 m. The estimated nugget is 62000 (square root is 
249 µg g P

-1
P). This is smaller than the SD within clusters (Table 20), probably due to elimination 

of the outlier. Total variance of this site was 144600. Consequently, the nugget:sill ratio is 
estimated at 43 %, reflecting a moderate spatial structure.  
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Figure 51. Semivariogram of HWC at Brasschaat 
Site. Numbers next to datapoints are number of 
data pairs within a 10 m lag distance interval 

Figure 52. Semivariogram of HWC at 
Brasschaat Site. Numbers next to 
datapoints are number of data pairs  

 
A linear model fitted (slope 1650) the HWC data of the Schorisse site with a nugget of 
193000 (square root = 439 µg g P

-1
P). This is close accord with SD within clusters (Table 20). 

With increasing lag distance, variation increases slowly. Total site variance is 409000, so 
nugget sill ratio is estimated at 47 % showing again a moderate spatial structure.  
We can conclude that HWC content is more homogenous in the Schorisse site than 
Brasschaat within a lag distance of 30 m. Variation within clusters is comparable with 
variation among other sampling points. Moreover, two distinct groups can be observed: 4 
clusters in the NE with average  1640 µg g P

-1
P (SD = 243) and the other clusters with average 

2536 (SD = 574), which differ significantly from each other. This bimodal distribution can be 
observed in Figure 48.  
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Based on the variogram data, the number of samples can be estimated to detect differences 
between site means (Table 21). Detecting significant differences among sites less than the 
nugget requires lots of individual measurements: about 45 random samples on sand and 35 
on silt loam. A detectable difference of 500 µg.g P

-1
P is more realistic. According to a Power of 

80 %, 11 individually analyzed samples are needed on sand and 27 samples on silt loam. 
 
Table 21. Number of composite and individual samples needed to detect a specific HWC  
difference between sites according to a Power of 80% 

Detectable 
difference 

(µg gP

-1
P) 

UComposite samples 
(effective) U 

UComposite samples 
(calculated) U 

UIndividual samples U 

 Brasschaat Schorisse Brasschaat Schorisse Brasschaat Schorisse
 Sand Silt loam Sand Silt loam Sand Silt loam

100 70 125 35 > 300 230 >300
200 18 33 10 88 60 160
300 9 15 4 40 27 70
400 5 9 3 22 16 40
500 4 6 < 3 15 11 27

 
But, for the same detectable difference, 4 and 6 composite samples will suffice for sand and 
silt loam respectively based on our measured data, or 3 and 15 based on calculated data 
(averages of individual points). Composition of subsamples seems therefore advisable, not 
for sampling because the same sampling effort is needed, but to save on laboratory work 
and analytical expenses. 
 
  
3.1.3.2. Community level physiological profiling 

CFU 
 
Colony forming units on agar plates were counted according to 4 dilution factors for each 
cluster location on the two test sites (Table 22). Average CFU (dilution 10 P

-1
P) at Brasschaat is 

93 ± 28  (SD = 44). A histogram of the observations at Brasschaat (Figure 53) suggest a 
bimodal distribution although not significantly different from a normal distribution according to 
a Kolmogorov-Smirnov test. The number of samples is insufficient to sort this out, but 3 out 
of the 4 highest CFU counts (> 100)  are observed at nearby cluster locations (F-G-H, see 
Figure 9) which suggests spatial dependance. 
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Figure 53. Histogram of CFU on 12 cluster 
locations at the Brasschaat site 

Figure 54. Histogram of CFU on 12 cluster 
locations at the Schorisse site 
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The distribution at the Schorisse site does not folow a normal distribution according to a 
Kolmogorov-Smirnov test (p = 0.0001). Two extreme values (CFU: 653 and 822) deviate 
much from the other values all between 200 and 400. These extremes are also prominent  at 
dilution factor 10 P

-2
P so these are not due to difficulties in counting but really attributable to the 

field situation. Median CFU value for Schorisse is 300 counts. 
 
Table 22. Number of colony forming units (CFUs) counted for each cluster at the Schorisse (silt 
loam) and Brasschaat (sand) test sites 

Site Cluster 
Dilution 

10 P

-1
P
 

Dilution 
10 P

-2
P
 

Dilution 
10 P

-3
P
 

Dilution 
10 P

-4
P
 

Schorisse  A 366 105 16 10 
Schorisse  B 324 81 47 5 
Schorisse  C 284 85 28 20 
Schorisse  D 325 141 23 10 
Schorisse  E 653 192 47 15 
Schorisse F 267 108 52 7 
Schorisse G 288 109 58 7 
Schorisse  H 822 186 82 14 
Schorisse I 298 99 24 7 
Schorisse  J 276 124 35 6 
Schorisse  K 301 89 20 4 
Schorisse  L 279 96 22 3 
Brasschaat A 41 13 5 3 
Brasschaat B 37 NA 4 2 
Brasschaat C 62 17 16 8 
Brasschaat D 88 5 4 0 
Brasschaat E 92 10 4 5 
Brasschaat  F 162 19 5 3 
Brasschaat G 164 37 3 4 
Brasschaat  H 114 20 4 1 
Brasschaat  I 69 14 5 10 
Brasschaat  J 78 19 11 8 
Brasschaat K 61 22 7 2 
Brasschaat L 145 33 3 5 

 
The distribution of CFU (dilution 10P

-2
P) of Brasschaat (median CFU = 107) folows a lognormal 

distribution. This possibly arises from the superposition of the normal (background) 
distribution and smaller population distributions originating from several local spots with high 
CFU values. The background normal distribution for Schorisse is estimated for dilution factor 
10 P

-1
P with mean CFU = 300 and SD = 30, and for dilution factor 10P

-2
P mean = 104 units and SD 

= 18.  
Differences between Schorisse and Brasschaat are clearly significant, both at dilution factors 
10 P

-1
P and 10P

-2
P. The number of samples needed are provided in Table 23.   

Table 23. Number of samples needed to detect a specific CFU difference between sites 
according to a Power of 80 %.  Values between brackets indicate number of samples needed 

for estimating background distibution only. 
Number of samples 

Brasschaat Schorisse 
Detectable 
difference 
of CFUs 

(dilution 10P

-1
P)

Sand Silt loam 

25 50 (40) 300 
50 13 (11) 200 

100 4 (4)  50 
150 < 3 (<3) 22 
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In order to detect a difference of 100 CFU between site means, 4 samples could suffice. 
However, on a site were extreme values are occuring, 50 samples are needed to detect a 
significant difference of 100 CFUs confidently. 
 

BIOLOGP

TM 

 
To assess the spatial variability and to define the number of biolog Ecoplates needed to 
discriminate among sites, 12 plates were incubated with soil material originating from the 12 
cluster locations. The calculated Biolog indices are given in Table 24.   
 
Table 24. Biolog indices for the 12 cluster locations per site. Each cluster location is assessed 
by 1 Ecoplate with 3 replicates. S = number of wells with colour development, AWCD = Average 
Well Colour Development (absolute values), H = Shannon diversity, E = Shannon evenness; 
Data calculated on binary data with borderline considered as 0 (bas0) or as 1 (bas1). 

Plot Cluster AWCD S Bbas0B SBbas1B HBbas0B HBbas1B EBbas0B EBbas1B 

Schorisse A 1.31 27 27 3.250 3.286 0.985 0.997 
Schorisse B 1.09 26 28 3.198 3.274 0.980 0.982 
Schorisse C 1.11 25 26 3.182 3.214 0.987 0.986 
Schorisse D 1.38 27 27 3.258 3.289 0.987 0.998 
Schorisse E 1.58 29 29 3.355 3.355 0.996 0.996 
Schorisse F 1.16 28 28 3.298 3.303 0.989 0.990 
Schorisse G 0.99 26 27 3.169 3.253 0.972 0.986 
Schorisse H 0.92 23 26 3.059 3.198 0.975 0.981 
Schorisse I 1.50 26 28 3.244 3.299 0.996 0.989 
Schorisse J 1.25 27 29 3.264 3.337 0.989 0.990 
Schorisse K 1.38 27 29 3.278 3.343 0.995 0.992 
Schorisse L 1.14 24 28 3.137 3.275 0.986 0.982 
Brasschaat A 0.47 20 26 2.917 3.205 0.973 0.983 
Brasschaat B 0.34 15 17 2.621 2.755 0.967 0.972 
Brasschaat C 0.88 22 26 3.041 3.217 0.983 0.986 
Brasschaat D 1.11 25 27 3.178 3.278 0.986 0.995 
Brasschaat E 0.74 24 25 3.083 3.198 0.969 0.993 
Brasschaat F 0.55 20 23 2.916 3.087 0.973 0.983 
Brasschaat G 1.29 25 29 3.197 3.337 0.992 0.990 
Brasschaat H 1.18 28 28 3.288 3.309 0.986 0.992 
Brasschaat I 0.79 22 26 3.042 3.213 0.983 0.985 
Brasschaat J 1.09 26 27 3.197 3.289 0.980 0.998 
Brasschaat K 1.05 20 24 2.990 3.153 0.998 0.991 
Brasschaat L 1.21 24 28 3.171 3.319 0.998 0.996 

 
Average well colour development (AWCD) for the Schorisse site ranges from 0.92 to 1.58 
with mean 1.23 ± 0.13 (SD = 0.20). The data are normally distributed according to a 
Kolmogorov-Smirnov test. For Brasschaat, AWCD ranges from 0.24 to 1.29 with mean 0.89 
± 0.20 (SD = 0.31), also normally distributed.  
A t-test reveals that AWCD of both sites is significantly different (p = 0.004) with a difference 
of 0.34 ± 0.22 AWCD units.  
Between 4 and 7 Ecoplates are needed to detect a difference of 0.50 AWCD units 
confidently (Table 25).  
Richness between sites is also significantly different, both for SBbas0B as SBbas1B. For Brasschaat 
SBbas0B varies from 15 to 28 (mean = 22.6 ± 2.2, SD = 3.50) and for S Bbas1B from 17 to 29 (mean = 
25.5 ± 2.0, SD = 3.2). For Schorisse S Bbas0B varies from 23 to 29 (mean = 26.3 ± 1.1, SD = 
1.70) and for S Bbas1B from 26 to 29 (mean = 27.7 ± 0.7, SD = 1.1).  Spatial variation is less at 
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the Schorisse site than at Brasschaat. Variation is also less when taking borderline values 
into account than when considering borderline as 0 (S Bbas0B).  

Table 25. Number of samples needed to detect a specific AWCD 
difference between sites according to a Power of 80 %.  

Number of samples 
Brasschaat Schorisse 

Detectable 
difference 
of AWCD  Sand Silt loam 

0.25 25 12 
0.50 7 4 
0.75 4 <3 

 
The difference between the sites is 3.7 ± 2.3 units for S Bbas0B and 2.1 ± 1.9 units for SBbas1B 

The number of samples needed for detecting a difference of 4 positve wells is 13 ecoplates 
for a sandy site and 4 ecoplates for the silt loam site (Table 26). 
 

Table 26. Number of samples needed to detect a specific SBbas0B 

difference between sites according to a Power of 80 %.  
Number of samples 

Brasschaat Schorisse 
Detectable 
difference 

of SBbas0B  Sand Silt loam 
2 50 12 
4 13 4 
6 7 <3 
8 4 <3 

 
For the Shannon diversity indexes significant differences were found for the H index, but not 
for evenness. For Brasschaat HBbas0B ranges from 2.62 to 3.29  (mean = 3.05 ± 0.11, SD = 
0.18) and for H Bbas1B  from 2.76 to 3.34  (mean = 3.20 ± 0.10, SD = 0.16). Both parameters 
follow a normal distribution. Evenness (EBbas0B) ranges from 0.968 to 0.998 (mean = 0.983 ± 
0.006, SD = 0.010) while EB bas1B ranges from 0.973 to 0.998 (mean = 0.989 ± 0.005, SD = 
0.007).  
For Schorisse HBbas0B ranges from 3.06 to 3.36  (mean = 3.22 ± 0.05, SD = 0.08) and for H Bbas1B  
from 3.20 to 3.36  (mean = 3.29 ± 0.03, SD = 0.05). Both parameters follow a normal 
distribution. Evenness (EBbas0B) ranges from 0.973 to 0.996 (mean = 0.987 ± 0.005, SD = 
0.007) while E Bbas1B ranges from 0.982 to 0.998 (mean = 0.989 ± 0.004, SD = 0.006). 
Difference between Schorisse and Brasschaat is 0.17 ± 0.12 for H Bbas0B and 0.004 for E Bbas0B, but 
the latter was not significantly different from 0 (CIB95B = -0.012, 0.004). 

 
Table 27. Number of samples needed to detect a specific H Bbas0B 

difference between sites according to a Power of 80 %.  
Number of samples 

Brasschaat Schorisse 
Detectable 
difference 

of HBbas0B  Sand Silt loam 
0.10 50 12 
0.20 14 4 
0.30 6 < 3 
0.40 4 < 3 

 
A difference of 0.40 units of H’ biodiversity index can be shown confidently using 4 Ecoplates 
on sand and 1 Ecoplate on silt loam. 
 
The H and E diversity indices are calculated based on 3 replicates (32 wells each) on one 
Ecoplate. When based on 2, 3 or even more Ecoplates, the diversity indices vary as shown 
in Figure 55 for H Bbas0B and Figure 56 for E Bbas0B. 
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Diversity index H as a function of number of Ecoplates
Error bars are 95% Confidence intervals of 10 realisations
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Figure 55. Shannon diversity index H calculated on different sets of Ecoplates randomly 
selected out of 12 individual Ecoplate assessments  of the Schorisse and Brasschaat 
site. Error bars indicate 95% confidence intervals of 10 realisations per set.  

 
The average Shannon H increases from 1 to 3 Ecoplates (3 to 9 sets of 32 wells) and then 
stabilises. However, the CIB95B indicate that there is no significant difference between 1 and 3 
Ecoplates at the Brasschaat site, although the increase is stronger than for the Schorisse 
site. At the other hand, a significant difference was found among the average HBbas0B based on 
1 Ecoplate and 3 Ecoplates for the Schorisse site.  
Moreover, it is clear that variation clearly decreases from 1 to 3 Ecoplates so that differences 
between sites can be detected more confidently with 3 or more Ecoplates.  
But for these two test sites, one Ecoplate based on 3x32 wells inoculated by a soil extract 
derived from a composite sample of 16 subsamples per site, is sufficient to show a difference 
in Shannon H soil diversity index. 
 
Evenness decreases slightly when based on more Ecoplates (Figure 56). This is in contrast 
with Shannon H that increases, but the richness S also increases. When more Ecoplates are 
analyzed, there is more chance that rare wells also respond positively, increasing SBbas0. B 

The difference in evenness between the test sites remains small, sometimes not significant 
(as based on 1 Ecoplate), sometimes just significant (as with 2, 3 or 4 Ecoplates), or clearly 
significant as with 5 Ecoplates within this case study. 
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Diversity index E as a function of number of Ecoplates
Error bars are 95% Confidence intervals of 10 realisations
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Figure 56. Shannon Evenness index E calculated on different sets of Ecoplates 
randomly selected out of 12 individual Ecoplate assessments of the Schorisse and 
Brasschaat site. Error bars indicate 95% confidence intervals of 10 realisations per set. 

   
 
 
 
 
 
 
 
 
 
 
 

Box 3. Partial conclusions of horizontal variation study 
 

• When sampled in August, CO B2B-efflux was greater at the silt loam site (Schorisse) that the 
sandy site (Brasschaat) and more samples are needed at a silt loam site to detect the 
same differences  than at a sandy site. 

• About 6 composite samples per site will suffice to detect a 200 mg C0B2B mP

-2
P hP

-1
P difference 

between site means. 
• Spatial variation of TOC is much greater at the silt loam site than at the sandy site, as well 

as its absolute TOC level. The number of samples needed to detect a 1% TOC difference is 
4 times greater at the silt loam than at the sandy site. 

• Spatial structure of HWC differs between the two sites: at the sandy site 86% of the total 
variation is situated within one cluster (4 samples within 3 m) versus 46.5 % at the silt 
loam site. In the latter more variation was found between clusters (53% versus 14%) due to 
a clear gradient direction SW. 

• Squared nugget of the HWC variogram analysis is 249 µg gP

-1
P for Brasschaat and 436 µg gP

-1  

Pfor the Schorisse site. 
• To detect differences among site means of 500 µg gP

-1
PB BHWC, between 4 and 6 composite 

samples per site will suffice. 
• CFU counts are three times greater at Schorisse than Brasschaat. 
• In general, 4 composite samples are needed to detect a difference of 100 CFUs between 

site means. However, when variability is high due to extreme values, up to 50 subsamples 
may be needed. 

• For the functional diversity indices, more spatial variation was found at the sandy site than 
at the silt loam site, although indexes were greater at the silt loam site. Consequently, less 
ecoplates are needed on the silt loam site than on sandy site to detect a specific 
difference. 

• Between 4 to 7 ecoplates are needed to detect a 0.50 AWCD difference among site means, 
1 to 6 ecoplates to detect a difference of 6 units in richness (S), 1 to 6 ecoplates to detect a 
difference of 0.30 in diversity index. 

• A simulation showed that for the test sites 1 Ecoplate (3 replicates) is sufficient to detect a 
significant difference in diversity H’, but that H’ slightly increases and E decreases when 
more Ecoplates are used.  From 3 Ecoplates onwards, we detected stable H’ and E values 
and a high precision to discriminate between sites confidently. 
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3.1.4. DETAILED SCREENING: SPATIAL VERTICAL VARIATION 

 
3.1.4.1.  Ecophysiological profiling 

 

TOC 
 
Total organic carbon content decreases with depth at both test sites (Figure 57). For the 
sandy soil at Brasschaat TOC content in the 0-5 cm layer is 3.81 % and 0.24 % in the 60-100 
cm layer. For the silt loam soil at Schorisse, average TOC in the 0-5 cm layer is 7.24 %, 
rapidly decreasing to 1.21 % in the 20-30 cm layer and down to 0.47 % OC in the 60-100 cm 
layer. For the sandy soil, TOC level is for each depth class less than for the silt loam soil.  
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Figure 57. Vertical distribution of TOC at the test 
sites Brasschaat (sand) and Schorisse (silt loam) 

Figure 58. Relative distribution pattern of TOC at the 
test sites. The TOC content of the 0-5 cm layer is 
100 % 

 
Relative to the TOC level in the 0 - 5 cm surface soil, the decrease rate is greater for the 
sandy soil than for the silt loam soil indicating that the latter stores more TOC in the topsoil 
due to a greater biological activity and bioturbation.  
 
The easily oxidisable C fraction shows the same pattern (Figure 59) illustrating even better 
the more gradual decrease of carbon at the silt loam site than at the sandy site. At 
Brasschaat, WBCBNCB  in the 0-5 cm layer is 1.47 % (39 % of TOC) while in Schorisse the 
WBCBNCB in the mineral surface layer is 4.58 % (63 % of TOC). This shows that a greater 
fraction of total organic carbon can be readily oxidised at the more fertile Schorisse site, 
whereas the carbon of the the Brasschaat site is more recalcitrant in nature. However, in the 
5-10 cm layer, the WBC BNC Bto TOC ratio is comparable (0.65 and 0.64 for Brasschaat and 
Schorisse respectively). This may be explained by the fact that Pine forest produces 
proportionally more recalcitrant organic matter than broadleaved forest, and that this is 
stored in the forest floor and the mineral surface layer. In absolute terms, the recalcitrant 
organic carbon (ROC) content is comparable for both sites (Figure 60). This seems logical, 
since the ROC is part of organic compounds that are difficult to attack by micro-organisms. 
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Hence, each site will develop a kind of passive recalcitrant carbon pool that is not taking part 
in the local carbon cycle of the forest ecosystem.   
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Figure 59. Vertical distribution of not corrected 
Walkley-Black carbon at the test sites 
Brasschaat (sand) and Schorisse (silt loam) 

Figure 60. Vertical distribution of the recalcitrant 
organic carbon (ROC) content at the test sites 
Brasschaat (sand) and Schorisse (silt loam)  

 

HWC 
 
The vertical distribution of HWC, being a proxy variable for microbial carbon, is illustrated in 
Figure 61. The pattern is rather comparable for both sites with HWC at the sandy site being 
little less for each depth class than at the silt loam site (Schorisse). Triplicate HWC 
measurements of the composite samples on each depth were performed. Significant 
differences were found between the sites for the soil layers 5-10, 10-15, 40-60 and 60-80 cm 
of depth. 
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Figure 61. Vertical distribution of hot water carbon (HWC) 
at the test sites Brasschaat (sand) and Schorisse (silt 
loam) 

 
For depths between 15 and 40 cm, no significant differences could be observed between the 
sites. Hence,  CBmic B probably shows an comparable vertical distribution in different types of 
forest soil. The inflection point of the distribution was found around 20 cm of depth, indicating 
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that most bacterial activity is situated in the upper 20 cm of soil. Consequently, the most 
relevant sampling depth is 0 - 20 cm. 
 
Vertical HWC content is strongly correlated with TOC, WBC BNCB and ROC (Table 28 and 
Figure 62). These  relationships are strongly site dependant, except for the prediction of 
HWC based on ROC where the site factor seemed not significant. 
 
Table 28. Linear regression coefficients of equations for predicting HWC (µg gP

-1
P) based on TOC, 

WBCBNC B and ROC in %. The intercept is omitted when not significantly different from 0 at the p = 
0.05 level. 

Site Equation R² p-level 
Both HWC = 168.95 + 248.84 TOC 0.87 < 0.0001 

Brasschaat HWC = 475.74 TOC 0.99 < 0.0001 

Schorisse HWC = 259.06 TOC 0.99 < 0.0001 

Both HWC = 219.17 + 336.49 WBCBNCB 0.67 0.00011 

Brasschaat HWC = 983.17 WBCBNCB 0.97 < 0.0001 

Schorisse HWC = 372.84 WBCBNCB 0.98 < 0.0001 

Both HWC = 280.59 + 589.09 ROC 0.89 < 0.0001 

Brasschaat HWC = 789.15 ROC 0.94 < 0.0001 

Schorisse HWC = 728.06 ROC 0.88 < 0.0001 

 
Highest R² values were found between HWC and TOC. For each percent of TOC, the sandy 
site shows 1.8 times more HWC than the silt loam site. For each percent of WBCBNC, Bthe 
sandy site shows 2.6 times more HWC than the silt loam site whereas the HWC:ROC ratio is 
equal (about 750) for both sites.  
The efficiency of the microbial population is probably higher on the silt loam site than on the 
sandy site. 
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Figure 62. Relationship of HWC and TOC for 
both test sites 

Figure 63. Relationship of HWC and WBCBNC B for both 
test sites 

 
Multiple regression of HWC against the predictors TOC and Depth learned us that for both 
test sites the factor Depth was not significantly explaining the variation in HWC when TOC 
was used. Since TOC is already a function of sampling depth, its amount seems sufficient to 
predict HWC.  Figure 64 shows the HWC:TOC ratio as a function of depth. For all depths this 
ratio is greater at the sandy site than at the silt loam site. For the silt loam it ranges from 2.34 
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to 3.75 %, for the sand between 4.37 and 5.60 %. The ratios of the sites are significantly 
different from each other. A linear relationship of the HWC:TOC ratio with depth is not 
significant for both sites.  
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Figure 64. Relationship of HWC and TOC for both test 
sites 

 
 

3.1.4.2.  Community level physiological profiling 

CFU 
 
From the two test sites, composite soil samples were taken in September 2006 according to 
8 fixed depth intervals, consisting of 16 subsamples each.  Soil extractions were diluted 10 P

-1
P 

to 10 P

-
PP

4
P and inoculated on agar plates. Bacterial colonies (CFUs) that developed were counted 

and are shown in Table 29. The vertical profile is illustrated in Figures 65 and 66 for dilution 
factors 10P

-1
P and 10 P

-2
P, respectively. 
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Figure 65. Number of CFU counted in a 10P

 -1
P 

dilution of the soil extract as a function of depth 
Figure 66. Number of CFU counted in a 10P

 -2
P 

dilution of the soil extract as a function of depth 
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Table 29. Counted CFUs of 10P

-1
P to 10P

-4
PP

 
Pextractions from soil samples taken at 8 fixed depths at 

the test sites Schorisse and Brasschaat. 

Site 
Depth  
(cm) 

Dilution 
10 P

-1
P
 

Dilution 
10 P

-2
P
 

Dilution 
10 P

-3
P
 

Dilution 
10 P

-4
P
 

Schorisse 0 - 5 305 124 12 2 
Schorisse 5 - 10 360 119 19 3 
Schorisse 10 - 15 239 94 10 5 
Schorisse 15 - 20 240 60 9 7 
Schorisse 20 - 30 184 33 11 1 
Schorisse 30 - 40 146 26 4 3 
Schorisse 40 - 60 92 10 3 NA 
Schorisse 60 - 100 41 9 0 2 
Brasschaat 0 - 5 91 15 6 3 
Brasschaat 5 - 10 48 3 2 4 
Brasschaat 10 - 15 24 5 2 4 
Brasschaat 15 - 20 33 9 1 0 
Brasschaat 20 - 30 12 5 1 2 
Brasschaat 30 - 40 32 2 1 1 
Brasschaat 40 - 60 19 2 1 1 
Brasschaat 60 - 100 5 0 3 0 

 
At the more fertile silt loam site in Schorisse, a greater abundance of CFU was found than on 
the oligotrophic sandy site in Brasschaat, at all depths, even for the soil layer between 60 
and 100 cm deep (Figures 65 and 66).  
The vertical profile differs substantially between the sites: the Schorisse site shows a gradual 
decrease with depth whereas the Brasschaat site decreases in the upper 10 cm and shows 
little variation below that depth. Note that a dilution factor of 10 P

-2
P is already too great to count 

the CFUs of the Brasschaat sites reliably, while 10 P

-1
P was judged appropriate. In contrast, a 

dilution of 10 P

-2
P was most convenient for the Schorisse site.  

As with HWC, most difference between the sites was found in the upper 20 cm of the mineral 
forest soil. In the 0 - 20 cm layer, CFU were on average 5.8 and 12.4 times greater at the silt 
loam than at the sandy site for dilution factors 10P

-1
P and 10 P

-2
P, respectively. 

It shows that on the more trophic site, much more bacteria capable of growing on agar plates 
are present. In the 40 - 60 cm soil layer about the same abundance of CFUs was counted on 
the silt loam site as in the 0 - 5 cm on the sandy site. 
 
In contrast with the HWC:TOC ratio, the CFU:TOC ratio is less on the Brasschaat site than 
on the more fertile Schorisse site for all sample depths (Figure 67). The CFU:TOC ratio 
based on 10P

-1
P dilutionP

 
Pranges from 14 to 61 CFUs per % TOC for the sandy site and between 

42 and 152 CFUs per %TOC for the silt loam site. Averages are 30 and 87 CFU per %TOC 
respectively, and are significantly different (p = 0.0006) from each other.  
Per unit of TOC more cultivable bacteria (CFU) are present on the more fertile Schorisse site 
than on the nutrient poor Brasschaat site. Probably this ratio may be a useful fertility 
indicator. 
 
We observed a lineair relationship between CFU and HWC. For the Schorisse site this is 
CFU( B10-1B) = 0.2178 HWC   (R² = 0.90, p < 0.001) and the Brasschaat site CFU( B10-1B) =  0.0544 
HWC   (R² = 0.97, p < 0.001). Inversely, one µg g P

-1
P HWC equals 4.6 CFU in Schorisse and 

18.3 CFU in Brasschaat counted at dilution 10P

-1
P. 

There is no significant relationship of the CFU:HWC ratio with depth for both sites.  
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Figure 67. CFU:TOC ratio as a function of depth 
 
 
 
 
 
 
 
 
 
 
 
 

Box 4. Partial conclusions of vertical variation study 
 

• TOC decreases with depth and the relative decrease is greater for the sandy soil than for 
the silt loam soil. TOC level at the sandy soil is less for all all depth classes. 

• WBC shows the same vertical distrution as TOC for both sites. 
• A greater fraction of TOC can be easily oxidised in more fertile soils but the absolute 

recalcitrant C pool is comparable at both sites.  
• The HWC vertical distribution is comparable between the sites, but HWC content at the silt 

loam is greater for all depths. 
• The inflection point of the vertical distribution is at 20 cm for most variables. Therefore, 

the 0-20 cm layer is the most relevant sampling depth (in accordance with the mandatory 
0-10 and 10-20 layers in Level I and II). 

• The count of cultivable bacteria (CFU) might be a good site fertility indicator; CFU’s are 
greater at the silt loam site for all depths, even at 60-100 cm. 

• The CFU:TOC ratio is clearly different between test sites and is also a good fertility 
indicator. 

• The CFU vertical distribution insoil is quite different between the test sites: a gradual 
decrease in the silt loam site whereas a little variation with depth at the sandy site. 
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3.2. Application of methods: a case study on 85 Flemish forest plots 
 
3.2.1. DATASET 
 
In this case study, the assessment of both EP and CLPP was tested on 85 forest sites, 
spread across the Flemish region (Figure 8). These test sites were selected from the ForSite 
database which is a forest soil data compilation of former forest related INBO research 
projects. Specific variables relevant to this study were selected. They are classified as 
continuous or class variables (Table 30).  
 
Table 30. Database variables of the 85 sites used for testing the Ecophysiological  and 
Community Level Physiological profiling. Variables in bold were determined during this 
project. 
VarNo Variable Variable type Description 
1 Sonian Class  Plot is situated in Sonian forest (1) or not (0) 
2 Stand type Class  Broadleaved (BL),  Conifer (CON) or mixed (MIX) 
3 Main tree spec Class  Tree species with maximum basal area 
4 Tree species class Class  Tree species class (1-4) according to litter quality 
5 PrLH Class  Percentage of basal area of broadleaved species 
6 Humus type Class  Humus type classification (Jabiol at al) 
7 Humus index Class  Humus quality score (1 – 9) 
8 FFthick Continuous  Thickness of the Forest Floor (cm) 
9 FFweight Continuous Dry mass of the Forest Floor (kg mP

-2
P) 

10 Clay Continuous Clay fraction (0-2 µm) in % 
11 Silt Continuous Silt fraction (2-63 µm) in % 
12 Sand Continuous Sand fraction (63 µm-2 mm) in % 
13 USDA class Class  USDA texture class (based on measured data) 
14 Soil serie Class  Belgian Soil serie 
15 Soil class Class Heavy versus light textured soils 
16 Soil moisture Class  Soil moisture conditions: wet – moist - dry  
17 Ferraris Class  Indicated as Forest  on Ferraris (1777) map (1/0) 
18 BD Cont  Soil bulk density (Mg mP

-3
P) 

19 C Cont  Carbon content of Ah horizon 
20 N Cont  Nitrogen content of Ah horizon 
21 N class Class  N class 
22 C/N Cont  C/N ratio of Ah horizon 
23 C/N class Class  C/N class 
24 pHw Cont  pH in 1:5 w/w soil/water  
25 pH class Class  pH class 
26 TOC class Class  TOC class of 0-10 cm composite sample 
27 TOC Cont  TOC (%) of 0-10 cm composite sample 
28 Respiration Cont  In situ COB2B soil respiration (mg COB2 B mP

-2
P hP

-1
P) 

29 HWCmean Cont  Average HWC content of composite sample 
30 HWC/TOC Cont  HWC/TOC ratio of 0-10 cm composite sample 
31 CFU dilution1 Cont  CFU units of composite sample (dilution 10P

-1
P) 

32 CFU dilution2 Cont  CFU units of composite sample (dilution 10P

-2
P) 

33 CFU dilution3 Cont  CFU units of composite sample (dilution 10P

-3
P) 

34 CFU dilution4 Cont  CFU units of composite sample (dilution 10P

-4
P) 

35 AWCDmean Cont  Biolog AWCD mean of composite sample 
36 H’ (b as 0) Cont  Biolog Shannon diversity index (borderline as 0) 
37 H’ (b as 1) Cont  Biolog Shannon diversity index (borderline as 1) 
38 S (b as 0) Cont  Biolog Number of wells with positive reaction (b as 0)  
39 S (b as 1) Cont  Biolog Number of wells with positive reaction (b as 0) 
40 E (b as 0) Cont  Biolog Shannon evenness (borderline as 0) 
41 E (b as 1) Cont  Biolog Shannon evenness (borderline as 1) 
 
The forest stand is characterized by the class variables: Stand type, Main tree species and 
Tree species class and the continuous variable PrLH, indicating the basal-area-percentage  
of broadleaved species in the plot. Stand type indicates whether the stand is populated by 
broadleaved trees (BL), Conifers (CON) or mixed composition (MIX: i.e. at least 20% of basal 
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area consists of BL or CON). Most test plots (81 %) consist of broadleaved species, 14 %  of 
conifers and 5 % are mixed stands. The main tree species is the species with the greatest 
basal area of the 1000 m² plot. The tree species are stratified into 4 classes based on their 
litter quality: class 1 tree species normally produce nutrient rich, fast decomposing litter while 
class 3 and 4 species generally produce nutrient poor, recalcitrant litter on the soils of our 
region (Table 31). 
 
Table 31. Tree species classes based on litterfall quality (1 = nutrient rich, fastly decomposing) 

to (4 = nutrient poor, recalcitrant litter) and dataset distribution 
Tree 

species  
Class 

Tree species % of obs 

1 Salix spp., Populus spp. Alnus spp. 9.4 
2 Fraxinus excelsior, Acer spp., Carpinus betulus, Betula spp. 12.9 
3 Fagus sylvatica, Quercus robur, Quercus petraea, Castanea sativa 63.5 
4 Pinus sylvestris, Pinus nigra var. Corsicana 14.1 

 
The Sonian class variable indicates whether the site is situated in the Sonian forest near 
Brussels (17 % of the plots) while the Ferraris variable (68 % of all plots) is an indicator of 
longtime presence of forest, because the site was already indicated as forest on the 
cartographic documents of Ferraris (second half of the 18th century). There is evidence that 
the forest soils of Sonian forest have never been used for agriculture since the last ice age. 
Ferraris forests are considered ‘old forests’ where typical forest and stenotypic species had 
more chances to survive the intensive deforestation and forest fragmentation that happened 
in Flanders region over the past 300 years.  
Note that the selected set of forest plots is not representative for our region. Proportionally 
more old and broadleaved forest sites were sampled which were assumed to have a greater 
degree of species richness and biodiversity. 
 
The continuous variables FFthick and FFweight characterize the thickness and dry weight of 
the forest floor. Thickness ranges from 0 to 12 cm with a median value of 4.7 cm. Dry weight 
ranges from 0 to 12 kg mP

-2
P with a median value of 3.75 kg mP

-2
P. Related class variables are 

Humus type, based on the French classification system (Jabiol et al.,1995; Brêthes et al., 
1995) and a score for humus quality (Humus index) ranging from 1 to 9 with increasing 
accumulation of organic matter based on Ponge et al. (2006). The relationship between the 
humustype and the humus index is given in Table 32. We added score 8 for Mor humus 
types and 9 for special humus forms which could not be classified according to that system. 
The latter mostly comprises complexes with mosses or grasses (e.g. Deschampsia flexuosa) 
in mor-like forest floors.  
 

Table 32. Relationship between humustype 
and humus index based on Ponge et al. (2002) 

Humus  
Index 

Humustype Percent of all 
observations (n = 85) 

1 Eumull 3.5 
2 Mesomull 8.2 
3 Oligomull 4.7 
4 Dysmull 1.2 
5 Amphimull + Hemimoder 9.4 
6 Eumoder 5.9 
7 Dysmoder 29.4 
8 Mor 31.8 
9 Other (not classifyable) 5.9 

 
The mineral topsoil is characterized by its soil texture, bulk density (BD), soil reaction (pH), 
carbon and nitrogen concentration. Soil texture is measured as percent Clay, Silt and Sand 
fraction and represented by its USDA texture class. The Soil serie indicates the national 
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(Belgian) soil classification name. Based on that Soil serie derived variables are Soil class, 
classifying the soils in light textured (40 %) and heavy textured soils (60 %), and soil 
moisture, derived from the draining conditions and level of the ground water table, specified 
in three classes: dry (34 %), moist (41%) and wet (25 %).  Another physical soil variable is 
bulk density (BD) serving as an indicator for topsoil compaction.  
Chemical soil characteristics of the A horizon are carbon and nitrogen content, C/N ratio and 
pHBH2O B. The measurements are stored in the variables C, N, C/N, and pHw. All these 
variables are also classified according to the same classes applied in the forest soil condition 
report (UN/ECE, 1997). 
 

Table 33. Carbon classes according to the forest soil condition 
report (UN/ECE, 1997) and class distribution of the plots (n = 85) 
Carbon 
class 

Range (% C) A hor 
(% of all 
plots) 

0-10 cm layer 
(% of all 
plots) 

1 0 - 1 0 0 
2 1.1 - 2.0 6 9  
3 2.1 - 5.0 34 66  
4 5.1 - 10 46 25  
5 > 10  14 0 

 
The C content is greater in the A horizon (median 5.9 %) than in the 0 -10 cm layer (median 
3.7 %) which is clearly indicated in the distribution of the plots (Table 33). Nitrogen content in 
the A horizon is relatively high (median 0.34 %). Most plots are classified in the greatest 
Nitrogen class (Table 34).  
 
Table 34. Nitrogen classes according to the 
forest soil condition report (UN/ECE, 1997) 
and distribution of the plots (n = 85) 

Nitrogen 
class 

Range (% N) A hor 
(% of all plots)

1 0 – 0.1 11 
2 0.11 – 0.25 22 
3 > 0.25 67 

 
 

Table 35. C:N ratio classes according to the 
forest soil condition report (UN/ECE, 1997) 
and distribution of the plots (n = 85) 

C:N  
class 

Range A hor 
(% of all plots) 

1 <=16 17 
2 17 – 24 54 
3 25 – 30 20 
4 31 – 40  9 
5 > 40  0  

The C:N ratio of the A horizons range from 9.7 to 46.0, with a median value of 20.9. More 
than half of the plots have an A horizon with a C:N ratio between 17 and 24. More 
information on the C:N ratio of European forest soils may be found in the Soil Condition 
report (UN/ECE, 1997).  
 
Most of the forest soils in this case study are strongly acidified. Less than 10 % of the plots 
show a pH-HB2BO in the A horizon above 5 and for 72 % of all plots the actual pH is between 
3.3 and 4.0 (Table 36), which is very well representative for the Flemish region. 
 

Table 36. pH-HB2BO classes according to the forest 
soil condition report (UN/ECE, 1997) and distribution 

of the plots (n = 85) 
pH-HB2BO  
class 

Range A hor 
(% of all plots) 

1 <= 3.2 0 
2 3.3 – 4.0 72 
3 4.1 – 5.0 19 
4 5.1 – 6  5 
5 > 6  4 
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Variables 27 to 41 (Table 30) were measured during this project and are discussed in the 
following paragraphs. 
 

3.2.2. ECOPHYSIOLOGICAL PROFILING 
 
3.2.2.1. Soil COB2B efflux 

 
Soil respiration using the soda lime technique was measured on each site. The CO B2B efflux of 
6 measurements per site were averaged and the standard deviations were calculated. Their 
distribution is illustrated in Figures 68 and 69.  
The mean COB2B efflux on each site ranges from 191 to 686 mg COB2B mP

-2
PB Bh P

-1
P with a median 

value of 368 mg COB2B mP

-2
PB Bh P

-1
P. The within site standard deviation based on 6 measurements 

ranges from 14 to 171 mg CO B2B mP

-2
PB Bh P

-1
P, with a median value of 56 mg CO B2B mP

-2
PB Bh P

-1
P. Both 

distributions are lognormal with geometric mean and deviation of 377 and 59 mg COB2B mP

-2
PB Bh P

-1
P, P

 

Prespectively. 
 

200 300 400 500 600 700

0
5

10
15

20
25

Soil CO2 efflux    (mg CO2 m-2 h-1)

N
um

be
r o

f S
ite

s

 
0 50 100 150

0
5

10
15

20
25

30

Within site Standard deviation of CO2 EFFLUX   (mg CO2 m-2 h-1)

N
um

be
r o

f S
ite

s

Figure 68. Histogram of average soil COB2B efflux 
rates of 85 forest sites 

Figure 69. Histogram of standard deviations of 
soil COB2B efflux rates of 85 forest sites 

 
The standard deviations indicate that the number of replicates per site needed to detect a 
100 mg COB2B mP

-2
PB Bh P

-1
P difference (with 80% power) between site means may vary from 2 to 50 

samples per site. A median Flemish forest site requires at least 6 measurements per site to 
obtain a detectable difference of 100 mg CO B2B mP

-2
PB Bh P

-1
P with 80 % power.  

  
Assuming normality within site and after log transformation of SD between sites, we 
observed a relatively large within site variation relative to the total variation.  The within site 
variation is estimated as 41.8 % of the total variation while the between site variation 
accounted for 58.2 %. This implies that respiration differences among sites will be rather 
difficult to detect and explain. 
 
Indeed, this is the case for many class variables. For the observed dataset, no significant 
differences in COB2B efflux were observed between broadleaved, conifer or mixed stands. The 
median value of COB2B efflux in broadleaved stands (median 386 mg COB2B mP

-2
PB Bh P

-1
P) is just little 

higher than in conifer and mixed stands (337 and 332 mg COB2B mP

-2
PB Bh P

-1
PB, Brespectively). No 

significant relationship was found between soil COB2B efflux and percentage of broadleaved 
species in the plot.  
When stratifying according to tree species (Figure 70), elevated soil respiration (median 
around 500 mg COB2B mP

-2
PB Bh P

-1
P) is observed under tree species Alnus glutinosa (Algl) and 
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Fraxinus excelsior (Frex), but variation is also high. Betula species (Bepe and Bepu), Fagus 
sylvatica (Fasy) and Pinus sylvestris (Pisy) tend to have smaller respiration rates (median 
below 350 mg COB2B mP

-2
PB Bh P

-1
P) but due to the variation or small number of observations per 

species these differences are not statistically supported. 
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Figure 70. Observed COB2B efflux rates stratified according to main tree species 
 
There is however a significant difference between humus types. Mor types (344 ± 27 mg COB2B 
mP

-2
PB Bh P

-1
P) show significant lower respiration rates than moder (413 ± 34 mg COB2B mP

-2
PB Bh P

-1
P) and 

mull (415 ± 62 mg COB2B mP

-2
PB Bh P

-1
P) types. Only the extreme humus indexes 1 and 8 differ 

significantly.  
No significant linear relationship was found between CO B2B respiration and thickness or dry 
weight of the forest floor. 
 
No differences were found according to USDA texture class and accordingly, no linear 
relationships with clay, silt or sand fraction of the soil. So, textural differences do not explain 
different CO B2B respiration rates. 
 
Soil moisture classes however show some respiration differences: so called wet sites (426 ± 
48 mg COB2B mP

-2
PB Bh P

-1
P) have greater CO B2 Befflux rates than dry sites (363 ± 28 CO B2B mP

-2
PB Bh P

-1
P). Moist 

sites (385 ± 37 CO B2B mP

-2
PB Bh P

-1
P) have respiration rates in between but do not differ significantly. 

Dry sites differ significantly from wet sites according to a student t-test (p = 0.019) and a non 
parametric Wilcoxon test (p = 0.032). 
 
No respiration differences were found in forest with a long forest history versus recent 
forests. 
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Soil COB2B efflux tend to increase with soil C content in the A horizon and decrease with 
increasing soil bulk density in the topsoil but these relationships are not supported at the 5 % 
level. No relationship was found with soil acidity (pH), Nitrogen content or C/N ratio of the Ah 
horizon. 
 
 
3.2.2.2. TOC 

 
The total carbon content in the upper 10 cm ranges from 1.17 to 7.93 % and the dataset is 
distributed with a positive skew as shown in Figure 71. Median content is 3.69 % and more 
than 25 % of all sites have a content between 3 and 4 % TOC. The distribution over the C 
classes applied in the forest soil condition report (UN/ECE, 1997) is given in Table 33. 
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Figure 71. Histogram of TOC content in the 0-10 
cm topsoil layer of 85 forest sites 

 
The TOC content is significantly (Wilcoxon test: p = 0.002) greater in broadleaved forests 
(median 4.10 %) than in coniferous forest (median 2.41 %). Mixed forest has a TOC in 
between (median 3.65 %) and is not significantly different from the other stand types. 
 
Topsoil TOC content of Poplar, Alder and Oak stands are higher than in Pine and Betula spp 
stands but this is probably more related to soil conditions than to tree species impact.   
Apart from that, we observed a significant difference among tree species classes (Table  37).   
 

Table 37. Median TOC and HWC content of 0-10 cm topsoil layer with respect to tree species 
classes. Significant different median values for classes have different letters.  

Tree species  
Class 

median 
TOC content 

(%) 

Median 
HWC content 

(µg gP

-1
P) 

1 5.70 P

a
P
 1445 P

 a
P
 

2 3.41 P

b
P
 1168 P

 ab
P
 

3 4.01 P

a
P
 1203 P

 a
P
 

4 2.41 P

b
P
 929 P

 b
P
 

 
No significant TOC differences were found in the mineral soil between sites with the main 
humus types mor, moder and mull, nor between the humus types according to Jabiol et al. 
(1995). In accordance, no significant linear relationship was found between TOC and 
thickness or dry mass of the forest floor.  
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On heavy textured soils, TOC of the upper 0-10 cm soil layer is generally higher than on 
coarse textured soils. This is illustrated by the median TOC content according to USDA 
texture classes (Table 38): silty clay loam has 3 times more TOC than a sand soil. However, 
no strong relationships were found between TOC and the separate clay, silt or sand 
fractions.  
 

Table 38. Median TOC and HWC content of 0-10 cm topsoil layer according to USDA texture 
classes. Significant different median values for classes have different letters.  

USDA texture  
Class 

median 
TOC content 

(%) 

Median 
HWC content 

(µg gP

-1
P) 

Sand 1.91 P

a
P
 761 P

a
P
 

Loamy sand 3.35 P

b
P
 1111 P

ab
P
 

Sandy loam 4.31 P

b
P
 1468 P

b
P
 

Loam 4.14 P

b
P
 1126 P

ab
P
 

Silt loam 3.59 P

b
P
 1174 P

ab
P
 

Clay loam 3.19 P

b
P
 1090 P

a
P
 

Silty clay loam 6.19 P

c
P
 1638 P

b
P
 

 
On wet soils (median TOC 4.97 %), carbon content is significantly greater than on dry 
(median 3.96 %) and moist soils (median 3.18 %).   
 
Old forests do not show significantly greater TOC contents than forests younger than 300 
years and forest stands within the Sonian complex are not significantly different from stands 
outside Sonian. 
 
No linear relationship was found between TOC and soil reaction (pHw). 
 
 
3.2.2.3. HWC 
 
Hot water carbon ranges from 433 to 3355 µg g P

-1
P with a median value of 1170 µg g P

-1
P dry soil. 

Most observations however are comprised between 500 and 2000 µg g P

-1
P. The observations 

are lognormally distributed as shown in Figures 72 and 73.  
The geometric mean is 1197 µg gP
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Figure 72. Histogram of HWC content in the 0-
10 cm topsoil layer of 85 forest sites 

Figure 73. Histogram of logaritmic HWC 
content in the 0-10 cm layer of 85 forest sites 

 
Deciduous forest has a significantly (p = 0.005) greater HWC content than coniferous forest. 
Median HWC for deciduous forest is 1212 µg g P

-1
P versus 929 µg g P

-1 
Pfor coniferous forest. 
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Differences exist clearly among the tree species classes (Table 37), with stands with Class 1 
species showing on average about 500 µg g P

-1 
Pmore HWC than class 4 species. So, species 

with easy mineralisable litterfall lead to more microbial C than species with recalcitrant litter. 
In agreement with that, HWC content is greatest in stands with a mull humus type (median 
1436 µg g P

-1
P) but surprisingly, lowest for stands with a moder humus form (median 1125 µg g P

-

1
P). Mor humus types are in between mull and moder with a median HWC of 1325 µg g P

-1
P. 

Table 39 shows that soils with Eumull, Mesomull and Dysmull humusforms show the highest 
HWC contents whereas Dysmoder and class ‘Other’ show the lowest HWC levels. The latter 
class comprises mostly oligotrophic conditions characterized by humus complexes with 
mosses or grasses (e.g. Deschampsia flexuosa). 
 

Table 39. HWC and HWC:TOC ratio according to humustype and humus index 
Humus  
Index 

Humustype HWC content 
µg g P

-1
P
 

HWC:TOC  
ratio 

1 Eumull 1424 3.21 
2 Mesomull 1462 3.58 
3 Oligomull 1176 3.91 
4 Dysmull 1455 2.54 
5 Amphimull + Hemimoder 1255 3.76 
6 Eumoder 1286 3.51 
7 Dysmoder 1099 2.97 
8 Mor 1313 3.55 
9 Other (not classifyable) 786 3.69 

 
The higher values in Mor types are difficult to explain, except if HWC would also extract 
fungal C which is dominant over microbial C in Mor humus types. Further research is needed 
to clarify this. 
No linear relationship was found between thickness or mass of the forest floor and HWC. 
 
Absolute values of clay, silt or sand fraction are not correlated with HWC, although when 
grouped by USDA class as in Table 38, sand and silty clay loam show distinct HWC 
contents. At the other hand, sandy loam shows significant greater HWC contents than the 
much more heavy clay loam. This shows that the relation with texture is not consistent. 
When comparing coarse soils with light textured soils (Soil class), no significant difference in 
HWC is observed. 
In wet soils, HWC is significantly greater than in dry soil conditions according to a t-test (p = 
0.026). Moist and dry conditions do not differ significantly (Figure 74).   
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Figure 74. Boxplot of HWC 
content according to soil 
moisture conditions 

Figure 75. Relationship between C/N ratio and HWC 
content in the topsoil of 85 forest stands 



 85

No differences in topsoil HWC content were found between ‘old forests’ and recent 
afforestations. For the Sonian forest however, we generally observed lower HWC contents 
than outside this complex. Median HWC in Sonian is 1060 µg g P

-1
P while 1268 µg g P

-1
P outside 

Sonian (Wilcoxon, p = 0.043).   
 
No significant relationship was found between soil N content and HWC, but a significant 
relationship was observed of decreasing HWC with increasing C/N ratio (Figure 75). This 
confirms the hypothesis that soils high in recalcitrant organic matter (high C/N), generally 
lead to low HWC contents.  
 

Table 40. pH-HB2BO classes and HWC content. Wilcoxon. Different letters indicate significant 
differences at the p = 0.05 level according to a Wilcoxon test. 

pH-HB2BO  
class 

pH - range HWC 

2 3.3 – 4.0 1129P

a
P
 

3 4.1 – 5.0 1169P

a
P
 

4 5.1 – 6  1445P

b
P
 

5 > 6  1462P

ab
P
 

 
HWC is also soil pH dependent (Table 40). HWC is significant higher above pH 5. Due to the 
limited number of observations in pH class 5 (only 4 sites) and the high variation among 
these sites, difference with lower classes is not supported although the median level is quite 
high. 
 
Finally, there is a relationship between HWC and TOC (Figure 76). Generally, the more TOC, 
the higher the HWC content. However, with increasing TOC, variation in HWC also increases 
strongly. This indicates that the HWC:TOC ratio may be an important measure to compare 
among sites. 
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Figure 76. Relationship between TOC and HWC 
content in the topsoil of 85 forest stands 

 
When assuming that no HWC can be extracted when no TOC is present (zero intercept), the 
linear relation between both is HWC = 304.38 TOC   (R² = 0.91, p < 0.0001). Expressing both 
in the same unit, average HWC:TOC ratio for this dataset is 3 %. 
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3.2.2.4. HWC:TOC and CO2-efflux:HWC ratios 
 
Proposed derived EP indicators are the ratio’s between HWC and TOC, and between CO B2B-
efflux and HWC. The distribution of both is given in Figures 77 and 78. 
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Figure 77. Histogram of HWC:TOC ratio in the 
0-10 cm topsoil layer of 85 forest sites 

Figure 78. Histogram of COB2B-efflux:HWC ratio  
in the 0-10 cm layer of 85 forest sites 

 
The HWC:TOC ratio is normally distributed with mean = 3.37 % and SD = 0.90 %. It ranges 
from 1.13 to 6.07 % with most sites comprised between 3.5 and 4 %. The COB2B-efflux per unit 
of HWC is skewed to the right and lognormally distributed. Geometric mean is 31.4 (median 
30.9). 
 
Table 41 provides information of possible ratio differences for different factors. The ratios 
showed no significant differences for samples taken from deciduous, coniferous our mixed 
forest, neither among different tree species or tree species classes. So, no impact was found 
due to tree species.  
 
Table 41. p-value of Kruskal-Wallis tests for differences among classes. Values in bold indicate 

significante difference among groups at p < 0.05 level 
FACTOR HWC:TOC COB2B:HWC 

Stand type 0.225 0.251 
Main tree species 0.294 0.495 
Tree species class 0.599 0.331 

Humus type 0.320 0.007 
Humus index 0.287 0.014 

USDA texture class 0.060 0.053 
Soil class 0.002 0.732 

Soil moisture class 0.001 0.989 
Ferraris forest 0.462 0.748 
Sonian class 0.0003 0.298 

N class 0.033 0.185 
C/N class 0.010 0.005 
pH class 0.999 0.315 

TOC class 0.005 0.001 
 
Humustype or humus quality did not affect the HWC:TOC ratio. In contrast the COB2B-
efflux:HWC ratio was significantly different between some humus types. A significant 
difference was found between Moder and Mor type (p = 0.0031), but not between Moder and 
Mull. The COB2B:HWC for humusindex = 9 differed from humusindex = 8 (p = 0.0132). 
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Soil texture did not explain differences in CO B2B:HWC ratio, but HWC:TOC was significantly 
lower (median = 3.13) on heavy textured soils than on light sandy soils (median = 3.70). 
Hence most observations below the regression line in Figure 76 are originating from heavy 
textured soils, while above the regression line are related to light textured soils. 
  
Soil moisture conditions are not affecting CO B2B:HWC ratio but statistically seem to have an 
impact on the HWC:TOC ratio. HWC:TOC ratio is lower on dry soils than on moist and wet 
soils (significant between dry and moist (p < 0.001) and moist and wet (p = 0.0153) only). 
 
No differences were found between old and recent forests for both ratios.  
In Sonian forest, the HWC:TOC ratio was significantly less than stands outside the forest, but 
since all soils in Sonian are silt loam soils, this may be attributed to texture differences. 
However, when comparing HWC:TOC between Sonian and outside Sonian on silt loams 
only, the significant difference remained (Wilcoxon p = 0.001; inside Sonian n = 14, median = 
2.65; outside Sonian n = 30, median = 3.50).  Hence, the forest soils of Sonian forest showed 
lower HWC:TOC ratio’s than other forest soils.   
 
HWC:TOC ratio decreases with increasing soil N content according to the equation: 
HWC:TOC = 3.850 – 1.376 %N   (R² = 0.10, p = 0.004), this is not the case for the COB2B:HWC 
ratio.   
 
Significant relationships were found with C:N ratio. For HWC:TOC there is a significant 
difference between C:N classes 1 and 2, but not among the other classes. No linear 
relationship was found between HWC:TOC and C:N ratio. In contrast COB2B:HWC increases 
with increasing C:N according to CO B2B:HWC = 10.885 + 1.092 C:N     (R² = 0.16, p = 0.0001). 
 
No relation was found with soil pH. 
 
With increasing TOC, both ratios decrease significantly (Figures 79 and 80). High soil carbon 
contents have a strong impact on both indexes. 
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Figure 79. Linear relationship between 
HWC:TOC ratio and soil TOC content 

Figure 80. Linear relationship between 
COB2B:HWC ratio and soil TOC content 
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3.2.3. COMMUNITY LEVEL PHYSIOLOGICAL PROFILING 
 
3.2.3.1. CFU 

 
For all test sites, CFU’s were counted according to 4 dilution factors (Table 42). For a 10P

-1
P 

dilution, a range was observed from 27 to 794 units, with a median of 219. When diluted 10 P

-2
P, 

a range between 1 and 192 units was observed with a median of 53. 
 
Table 42. Counts of colony forming units (CFU) cultivable on agar plates and according to 4 
dilution factors: 10P

-1
P,10 P

-2
P,10P

-3
P and 10 P

-4
P. NA are missing values. 

BL Site 10P

-1
P
 10P

-2
P
 10P

-3
P
 10P

-4
P
 BL Site 10P

-1
P
 10P

-2
P
 10P

-3
P
 10P

-4
P
 

1 Het Kamp 75 20 7 6 44 Raspaille bos 401 119 19 6 
2 Beerse Heide 64 9 8 6 45 Drongengoed 79 19 8 12 
3 Inslag 35 11 10 11 46 Wijnendale 139 92 5 9 
4 Walenbos 205 41 11 6 47 Houthulstbos 282 41 16 6 
5 Koolhembos 106 41 6 14 48 Nieuwenhoven 278 63 26 7 
6 Muizenbos 274 125 23 3 49 Vorte Bossen 320 60 11 10 
7 Edingenbos 344 53 11 11 50 Helleketelbos 511 192 28 6 
8 Burreken 307 161 57 10 51 Wijnendale 153 35 12 7 
9 Withoefse Heide 79 10 9 9 52 Wijnendale 345 191 32 7 
10 Withoefse Heide 122 20 8 6 53 Vorte Bossen 282 55 4 11 
11 Sevendonck 39 16 15 6 54 Brakelbos 170 42 7 4 
12 Kapellebos 192 28 8 6 55 Edingenbos 327 114 7 18 
13 Meerdaalwoud 241 59 8 10 56 Bos Ter rijst 353 90 27 6 
14 Zonien 162 25 5 6 57 Rodebos 331 68 16 9 
15 Hallerbos 236 64 14 5 58 Rodebos 231 45 10 13 
16 Zonien 208 74 15 0 59 Rodebos 245 57 38 11 
17 Zonien 334 98 14 3 60 Meerdaalwoud 206 71 17 11 
18 Zonien NA NA NA NA 61 Asbroek 146 32 9 4 
19 Meerdaalwoud 68 18 6 5 62 Peerdsbos 365 56 16 5 
20 Meerdaalwoud 230 70 6 2 63 Vordenstein 214 65 20 2 
21 Brakelbos 358 50 32 22 64 Laarse beek 210 62 13 3 
22 RTT-domein 256 50 8 5 65 Laarse beek 138 29 28 5 
23 Pijnven 27 3 13 7 66 Inslag 794 156 71 25 
24 Heiderbos 173 8 13 1 67 Bruinbos 272 72 27 16 
25 Oude Mombeek 519 119 35 9 68 Bruinbos 384 118 43 31 
26 Gellikerheide 88 20 9 2 69 Makegem Huisdonk 97 26 10 2 
27 Gellikerheide 60 12 5 5 70 H. Geestgoed 132 36 26 3 
28 Pijnven 40 18 7 10 71 Edingenbos NA NA NA NA 
29 Grootbroek-Bree 224 37 7 4 72 Edingenbos 232 87 10 8 
30 Grootbroek-Bree 294 47 8 6 73 Edingenbos 281 122 11 9 
31 Lanklaarderbos 51 1 2 3 74 Edingenbos 503 122 42 7 
32 Paddepoelebos 141 29 109 16 75 Hallerbos 466 110 22 3 
33 Zandputten 191 42 9 9 76 Zonien 69 10 7 1 
34 Kenis-Kruisberg 114 19 5 1 77 Zonien 153 17 1 5 
35 Aelmoeseneie 339 88 21 9 78 Zonien 249 52 17 1 
36 Aelmoeseneie 327 77 26 22 79 Zonien 254 86 78 8 
37 Buggenhoutbos 141 35 6 2 80 Zonien 160 3 4 5 
38 Neigembos 263 54 10 4 81 Zonien 200 56 7 7 
39 Neigembos 237 54 9 2 82 Zonien 336 70 14 3 
40 Parikebos 295 69 16 2 83 Zonien 219 117 4 3 
41 Kluisbos 159 14 14 3 84 Zonien 189 44 10 4 
42 Het Leen 164 69 19 2 85 Zonien 176 46 11 11 
43 Bos Ter rijst 351 110 10 4       

 
The distribution of 10P

-1
P observations is normally distributed according to a Kolmogorov-

smirnov test with mean of 229 CFU and SD = 130 CFU. In contrast the distribution of 10 P

-2
P is 

strongly skewed to the right and also does not follow a lognormal distribution. Non-
parametric statistics need to be applied.  
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The amount of cultivable bacteria as expressed by the amount of colony forming units (CFU) 
growing on agar plate after two days of incubation showed significant effects with different 
grouping variables.  
For dilution 10 P

-1
P we used One-Way Anova and we found a significant correlation between the 

amount of bacteria and the variables Stand type (F=10.853, p=0.00006), Main tree species 
(F=3.508, p=0.00044), Tree species class (F=9.1781, p=0.0033), Percentage broad-leaved 
trees (F=10.528, p=0.0017), Humus quality (F=7.389, p=0.008), USDA class (F=2.33, 
p=0.0405), N class (F=16.237, p=0.0001), C/N class (F=9.722, p=0.0025), Soil class 
(F=10.131, p=0.002) and TOC class (F=10.054, p=0.0021).  
Kruskal-Wallis rank sum tests were used for dilution 10P

-2
P and tested significant for stand type 

(χ²=23.2274, p=0), Main tree species (χ²=37.7598, p=0.0002), Tree species class 
(χ²=20.183, p=0.0002), Percentage broad-leaved trees (χ²=20.045, p=0.0288), Humus type 
(χ²=26.483, p=0.0092), Humus quality (χ²=21,332 p=0.0113), USDA class (χ²=21.245, 
p=0.0017), N class (χ²=13.701, p=0.0011), C/N class (χ²=9.603, p=0.0223), Soil (χ²=12.4177, 
p=0.0004), Ferraris (χ²=6.712, p=0.0096) and finally TOC class (χ²=15.68, p=0.0004).  
Only the grouping variables Sonian, pH class and soil moisture showed no significant effect 
on CFU in both dilutions. 
 
In general, CFU’s in deciduous stands are greater than in coniferous stands. Mean CFU(10 P

-1
P) 

for broadleaved forest is 258 ± 30 units while 101 ± 53 units for coniferous forest and 126 ± 
75 units for mixed forests. There are some minor differences among tree species, but the 
main difference is between broadleaved species and conifers. 
 

Table 43. Average CFU per humustype and humusindex 
Humus  
Index 

Humustype CFU 10P

-1
P 

 
CFU 10P

-2
P 

 
1 Eumull 373P

a
P
 107 

2 Mesomull 260 P

a
P
 75 

3 Oligomull 326 P

a
P
 109 

4 Dysmull 351P

a
P
 110 

5 Amphimull + Hemimoder 222P

a
P
 49 

6 Eumoder 250P

a
P
 63 

7 Dysmoder 217P

b
P
 50 

8 Mor 227P

ab
P
 62 

9 Other (not classifyable) 78P

c
P
 16 

 
Forest soils with mull humus forms show the highest CFU counts 301 ± 61 units, moder 
forms 220 ± 32 units are comparable with mor forms 227 ± 66 units. The complex humus 
form (other) shows much lower CFU counts:78 ± 31 units. The number of CFU’s is therefore 
reasonably well correlated with the general ecological assessment of trophicity based on 
humus quality. 
 
CFU counts at dilution 10 P

-2
P is negatively correlated with the mass of the forest floor (r = -0.83, 

p = 0.009). The same correlation was found for 10 P

-1 
Pcounts, but not significant at the 0.05 

level. 
 
Soil texture has also a significant impact on CFU count. Heavy textured soils show on 
average greater CFU (10 P

-1
P) counts (mean 265 ± 31 units) than light textured soils (mean 177 

± 51 units). The USDA class sand has only on average 50 ± 36 units, loamy sand: 200 ± 183, 
sandy loam: 199 ± 56, loam: 224 ± 84, silt loam: 258 ± 31, clay loam: 307 and silty clay loam: 
345 units. The latter two had too few observations to calculate errors of the mean. 
CFU counts are correlated with clay fraction: CFU = 103.03 + 6.874 CLAY    (R² = 0.12, p = 
0.0013). 
 
No difference was found in CFU counts for soil samples originating from old forests versus 
recent forests, neither between samples from within Sonian versus outside Sonian forest. 
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CFU is significantly related to soil N classes: N class 1 has on average 106 units, class 
2: 189 units and class 3: 263 CFU (10 P

-1
P) counts. Moreover, based on this dataset, we 

observed an increase in CFU till 0.5 % N in the soil, and a gradual decrease afterwards, 
suggesting an optimum for maximum CFU at 0.5 % N in the Ah horizont (Figure 81).  A linear 
decrease was observed for CFU counts with increasing C:N ratio, according to the equation: 
CFU (10 P

-1
P) = 393 – 7.49 C:N  (R²=0.12, p = 0.0012). For the C:N classes the average CFU 

(10 P

-1
P) for class 1 to 4 is 323 – 228 – 188 – 165 units. High C:N leads to low bacterial 

populations.  
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Figure 81. Curvilinear relationship between 
CFU and soil N content 

Figure 82. Boxplot of CFUs according to TOC 
classes 2, 3 and 4. 

 
No significant relationship between pH and CFU counts were found. However, on average 
more CFUs were found in pH class 5 (384 CFUs) in contrast to classes 2 (219 CFU), 3 (223 
CFU) and 4 (267 CFU). 
 
Finally TOC is influencing CFU count (Figure 82). Increasing TOC levels leads to more CFUs 
according to the equation: CFU (10 P

-1
P) = 125 + 26.2 TOC   (R² = 0.10, p = 0.0045). In mineral 

topsoil, rich in organic matter, more CFUs are more likely be expected. 
 
 
Not only with TOC, but also with HWC a significant relation was found as illustrated in Figure 
83. This is expected, because there exists also a correlation between TOC and HWC (Figure 
76). 
 
A similar relationship exists between CFU at both dilution factors and HWC. The equations 
are: CFU(10 P

-1
P) = 124.04 + 0.0819 HWC (R P

2
P = 0.10, p = 0.0036) and CFU(10 P

-2
P) = 30.798 + 

0.0221 HWC (R P

2
P = 0.07, p = 0.0166). Hence, more extracted bacterial carbon (HWC) is 

weakly correlated with greater CFU counts. 
However, between 750 and 1500 µg g P

-1
P HWC a lot of variation is found for both CFU counts. 

The outlying CFU levels could not be attributed to soil or forest characteristics, nor to specific 
forest sites or geographical regions.  
The main difference existing between HWC and CFUs is that the latter comprises cultivable 
bacteria growing on Agar plates whereas HWC extracts all bacteria and possibly also fungi 
and other organic compounds. This explains why the determination coefficient is not more 
than 7 and 10 %.  
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Figure 83. Relationship between HWC and CFU (dilution factors 
10P

-1 
Pand 10 P

-2
P) of the topsoil of 85 forest stands 

 
 
 
3.2.3.2. Biolog P

TM 

 
The mineral topsoil samples of the 85 forest sites were analyzed using BiologP

TM
P Eco plates. 

Table 44 represents 4 different measures to express bacterial diversity based on the Biolog 
results. The diversity indexes S, H and E are calculated in two ways: borderline set as 0 or 
set as 1. 
 
The distribution of the richness (S) is given in Figures 84 and 85. Both distributions are  
skewed to the left. The maximum number of wells is 32. When borderline levels are set to 0, 
class 15 to 20 is clearly promoted. This illustrates that the range becomes wider making 
more distinction among sites possible.  
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Figure 84. Histogram of richness S Bbas0B of the 0-
10 cm topsoil layer at 85 forest sites 

Figure 85. Histogram of richness S Bbas1B of the 0-
10 cm topsoil layer at 85 forest sites 

 
Median values are 25 and 27 for SBbas0B and S Bbas1B, respectively, whereas the range is identical 
5 to 31. Values below 15 are less than 5 % of the observations. 
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A Wilcoxon signed rank test for paired data reveals a significant difference between the S 
values with borderline set as 0 or as 1.   
 
The absolute AWCD values range from 0.0558 to 1.6142 with a median value of 0.9666. The 
distribution (Figure 86) does not follow a normal distribution according to Kolomgorov-
Smirnov (p = 0.0176) but looks as a bimodal distribution. AWCD increases exponentially 
when there is reaction in more wells (Figure 87). The same holds true with borderline set 1. 
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Figure 86. Histogram of absolute AWCD values 
of the 0-10 cm topsoil layer at 85 forest sites 

Figure 87. Exponential relationship between 
SBbas0 Band AWCD 

 
The Shannon diversity index H is logarithmically related to S (Figure 88). Eveness at the 
other hand, increases with increasing S, but can vary substantially for a given number of 
coloured wells. Important is that all indexes are positively correlated with each other. Hence, 
they share a lot of information and there is redundancy among them. 
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Figure 88. Logaritmic relationship between 
SBbas0  Band H B bas0B 

Figure 89. Exponential relationship between 
SBbas0  Band EBbas0B 

 
The distributions of HBbas0B and EBbas0B are given in Figures 90 and 91. Both distributions are 
skewed to the left. Median value for HBbas0B is 3.165 within a min-max range of 1.499 to 3.395. 
HBbas0B values below 2.5 are rare. EBbas0B ranges from 0.931 to 0.998 with a median value of 
0.984.  Evenness values below 0.96 are rare for the explored sites. Only sites 32 and 46 
have these low evenness and diversity indices (Figure 92 and Table 44). In contrast site 68 
shows a low diversity index, but a relatively high evenness. 
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Figure 90. Histogram of richness H Bbas0B of the 0-
10 cm topsoil layer at 85 forest sites 

Figure 91. Histogram of richness E Bbas1B of the 0-
10 cm topsoil layer at 85 forest sites 

 
Table 44. Biolog diversity indices of the 85 test sites: S=number of wells with colour 
development averaged over 3 replicates, AWCD=Average Well Colour Development, 
H’=Shannon diversity, E= Shannon evenness of the 85 monitoring plots. Borderline set as 0 
(bas0) or set as 1 (bas1). 

Plot Site SBbas0B SBbas1B AWCD HBbas0B EBbas0B HBbas1B EBbas1B 

 1 Het Kamp 26 27 -1.09 3.238 0.993 3.270 0.991 
2 Beerse Heide 24 27 -1.06 3.121 0.981 3.236 0.981 
3 Inslag 17 20 -0.48 2.786 0.983 2.954 0.985 
4 Walenbos 19 23 -0.68 2.928 0.995 3.112 0.991 
5 Koolhembos 30 30 -1.20 3.388 0.996 3.388 0.996 
6 Muizenbos 30 30 -1.27 3.359 0.987 3.359 0.987 
7 Edingenbos 23 24 -0.69 3.031 0.966 3.093 0.972 
8 Burreken 22 26 -0.71 3.009 0.973 3.188 0.977 
9 Withoefse Heide 28 28 -1.07 3.257 0.976 3.274 0.982 
10 Withoefse Heide 25 25 -0.81 3.146 0.977 3.181 0.988 
11 Sevendonck 21 24  -0.34 2.955 0.970 3.109 0.977 
12 Kapellebos 18 21  -0.56 2.822 0.975 3.008 0.987 
13 Meerdaalwoud 18 20  -0.45 2.799 0.968 2.931 0.977 
14 Zonien 27 27  -1.29 3.285 0.997 3.290 0.999 
15 Hallerbos 26 26  -1.09 3.238 0.993 3.242 0.995 
16 Zonien 28 30  -1.23 3.286 0.985 3.359 0.986 
17 Zonien 27 28  -1.40 3.271 0.992 3.306 0.991 
18 Zonien 27 28  -1.00 3.226 0.978 3.282 0.984 
19 Meerdaalwoud 28 28  -1.34 3.317 0.996 3.326 0.998 
20 Meerdaalwoud 23 24  -0.71 3.064 0.976 3.121 0.981 
21 Brakelbos 27 27  -1.30 3.285 0.997 3.285 0.997 
22 RTT-domein 24 26  -0.64 3.112 0.978 3.206 0.983 
23 Pijnven 26 26  -0.64 3.177 0.975 3.177 0.975 
24 Heiderbos 25 29  -1.30 3.200 0.993 3.325 0.986 
25 Oude Mombeek 30 30  -1.60 3.395 0.998 3.395 0.998 
26 Gellikerheide 26 27  -1.10 3.218 0.987 3.265 0.990 
27 Gellikerheide 21 25  -0.73 3.004 0.986 3.156 0.980 
28 Pijnven 24 27  -1.07 3.169 0.997 3.267 0.991 
29 Grootbroek-Bree 25 26  -1.08 3.181 0.988 3.234 0.992 
30 Grootbroek-Bree 25 26  -1.07 3.157 0.980 3.210 0.985 
31 Lanklaarderbos 25 27  -1.02 3.176 0.986 3.261 0.988 
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32 Paddepoelebos 5 5  -0.06 1.499 0.931 1.499 0.931 
33 Zandputten 27 29  -1.18 3.285 0.997 3.337 0.990 
34 Kenisberg 28 29  -1.16 3.275 0.982 3.323 0.986 
35 Aelmoeseneie 23 25  -0.66 3.067 0.977 3.145 0.976 
36 Aelmoeseneie 31 31  -1.23 3.380 0.983 3.398 0.988 
37 Buggenhoutbos 14 21  -0.31 2.572 0.974 2.972 0.975 
38 Neigembos 22 27  -1.01 3.056 0.988 3.255 0.987 
39 Neigembos 21 22  -0.67 2.940 0.965 3.011 0.973 
40 Parikebos 26 27  -1.10 3.206 0.983 3.237 0.981 
41 Kluisbos 26 27  -0.79 3.198 0.980 3.249 0.985 
42 Het Leen 20 21  -0.49 2.888 0.963 2.960 0.972 
43 Bos Ter rijst 30 30  -1.23 3.370 0.990 3.370 0.990 
44 Raspaille bos 20 25  -0.43 2.887 0.963 3.116 0.967 
45 Drongengoed 26 26  -0.50 3.208 0.984 3.229 0.990 
46 Wijnendale 12 14  -0.16 2.363 0.950 2.531 0.958 
47 Houthulstbos 20 27  -0.61 2.898 0.966 3.218 0.975 
48 Nieuwenhoven 21 23  -0.67 2.960 0.972 3.036 0.968 
49 Vorte Bossen 29 29  -1.26 3.327 0.987 3.343 0.992 
50 Helleketelbos 23 25  -0.84 3.099 0.987 3.202 0.995 
51 Wijnendale 24 27  -0.97 3.126 0.983 3.246 0.984 
52 Wijnendale 29 29  -1.30 3.343 0.992 3.343 0.992 
53 Vorte Bossen 28 28  -1.20 3.281 0.984 3.293 0.987 
54 Brakelbos 23 23  -0.62 3.068 0.978 3.087 0.983 
55 Edingenbos 30 30  -1.61 3.375 0.992 3.375 0.992 
56 Bos Ter rijst 29 29  -1.31 3.341 0.991 3.341 0.991 
57 Rodebos 23 24  -0.81 3.077 0.981 3.158 0.993 
58 Rodebos 20 22  -0.55 2.920 0.974 3.040 0.983 
59 Rodebos 26 28  -1.09 3.196 0.980 3.275 0.982 
60 Meerdaalwoud 21 27  -0.69 3.008 0.987 3.245 0.984 
61 Asbroek 25 26  -0.78 3.172 0.985 3.228 0.990 
62 Peerdsbos 20 23  -0.37 2.895 0.965 3.056 0.974 
63 Vordenstein 18 22  -0.48 2.821 0.975 3.032 0.980 
64 Laarse beek 17 21  -0.45 2.761 0.973 3.004 0.986 
65 Laarse beek 24 25  -0.63 3.112 0.978 3.186 0.989 
66 Inslag 23 28  -1.04 3.081 0.982 3.266 0.979 
67 Bruinbos 25 26  -0.76 3.136 0.973 3.196 0.980 
68 Bruinbos 7 12  -0.18 1.925 0.988 2.375 0.955 
69 Makegem Huisdonk 18 21  -0.35 2.794 0.966 2.935 0.963 
70 Heilig Geestgoed 16 18  -0.30 2.678 0.965 2.809 0.971 
71 Edingenbos 27 27  -1.05 3.210 0.973 3.245 0.984 
72 Edingenbos 26 28  -1.03 3.208 0.984 3.293 0.987 
73 Edingenbos 31 31  -1.40 3.388 0.986 3.388 0.986 
74 Edingenbos 29 29  -1.55 3.357 0.997 3.357 0.997 
75 Hallerbos 28 29  -1.38 3.298 0.989 3.349 0.995 
76 Zonien 22 25  -0.50 3.064 0.990 3.200 0.993 
77 Zonien 25 28  -0.84 3.165 0.982 3.282 0.984 
78 Zonien 26 28  -1.29 3.217 0.986 3.282 0.984 
79 Zonien 16 19  -0.41 2.670 0.962 2.854 0.968 
80 Zonien 26 27  -1.12 3.214 0.986 3.255 0.987 
81 Zonien 23 23  -0.77 3.067 0.977 3.068 0.978 
82 Zonien 28 29  -1.11 3.293 0.987 3.325 0.986 
83 Zonien 23 26  -0.86 3.091 0.985 3.217 0.986 
84 Zonien 26 30  -0.99 3.206 0.983 3.338 0.980 
85 Zonien 27 28  -1.17 3.258 0.987 3.285 0.985 
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Figure 92. Plot of the 85 forest sites indicated by their CS number according 
to their Shannon diversity (HBbas0B) and Evenness (EBbas0B) 

 
The maximum colour development in the Biolog P

TM
P plates (AWCD) was observed in 

Edingenbos (BL55) with [AWCD]=1.61 and second highest value in Oude Mombeek (BL25) 
[AWCD]=1.60. The lowest AWCD value was found in Paddepoelebos (BL32)  [AWCD]=0.06. 
The highest microbial diversity (H’) was found in Oude Mombeek (BL25) and the lowest 
diversity in Paddepoelebos (BL32) (Figure 92). Substrate richness (S Bbas0B) was also greatest 
in Oude Mombeek (BL25) (S = 30) and smallest in Paddepoelebos (BL32) (S Bbas0B = 5). 
Substrate evenness, which means how equally abundant the species are in soil varied from 
E = 0.93 in Paddepoelebos to its maximum (E = 1) in Oude Mombeek.  
 
We tested the 4 indexes with the different grouping variables according to a Kruskal-Walllis 
rank sum tests (Table 45). Significant differences were found for the factors Tree species 
class, Humustype, Humusindex, USDA texture class and Soil class.  
 
Table 45. p-value of Kruskal-Wallis tests for differences of functional diversity indexes among 

classes. Values in bold indicate significante difference among groups at p < 0.05 level 
FACTOR AWCD SB bas0B HB bas0B EBbas0B 

Stand type 0.4086 0.9474 0.1423 0.6233 
Main tree species 0.1352 0.2076 0.1899 0.2665 
Tree species class 0.0136 0.0078 0.0079 0.0722 

Humus type 0.1597 0.0388 0.0590 0.6318 
Humus index 0.1138 0.0210 0.0231 0.2095 

USDA texture class 0.0079 0.0198 0.0181 0.1684 
Soil class 0.0455 0.0508 0.0555 0.2071 

Soil moisture class 0.5306 0.5243 0.5079 0.1961 
Ferraris forest 0.6641 0.6190 0.7447 0.5549 
Sonian class 0.1730 0.2512 0.2091 0.2805 

N class 0.9232 0.9744 0.9779 0.6996 
C/N class 0.9312 0.8410 0.7275 0.4229 
pH class 0.1581 0.1287 0.1211 0.2492 

TOC class 0.5199 0.5601 0.6359 0.7868 
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There was no factor for which the eveness indicator showed any significant difference.  
Among tree species classes, significant differences were found for the AWCD, S and H 
indexes (Table 46). Class 3 consisting of Quercus spp, Fagus sp and Castanea sp show  
 

Table 46. Median TOC and HWC content of 0-10 cm topsoil layer with respect to tree species 
classes. Significant different median values for classes have different letters.  

Tree species  
Class 

AWCD SBbas0B HBbas0B 

1 1.249 P

 a
P
 29 P

a
P
 3.35 P

 a
P
 

2 1.070 P

 a
P
 25 P

ab
P
 3.18 P

 ab
P
 

3 0.769 P

 b
P
 23 P

b
P
 3.09 P

 b
P
 

4 1.064 P

 ab
P
 25 P

b
P
 

P

 
P3.17 P

b
P
 

 
the lowest indices, significantly different from class 1 species. These class 1 species 
generally show mull humus types and therefore S and H show different values according to 
humus type: mull types show the greatest medians: S Bbas0B = 27 versus SBbas0B = 24 for moder 
and 24.5 for mor types. Diversity index for mull types is HBbas0B = 3.21 versus HBbas0B = 3.112 for 
moder and HBbas0B = 3.153 for mor.  
 
AWCD, S and H are significantly different among the USDA texture classes sandy loam and 
silt loam. All values are higher for the silt loam (AWCD = 1.041, SBbas0B = 26, HBbas0B = 3.208) 
than for the sandy loam (AWCD = 0.481, S Bbas0B = 20, HBbas0B = 2.912). 
Significance could be detected probably because these two classes had the highest number 
of observations. 
 
AWCD value is also significantly different between heavy (median = 1.009) and light textured 
soils (median = 0.7942). These texture parameters indicate that diversity indexes are in 
general greater when soil texture is finer. 
 
 
Finally, a PCA analysis was performed with a all relevant variables (Figure 93). First 
component explained 39.4 % of the total variance, second component 14.8 % and third 
component 12.4 %. 
The first axis is mainly determined by texture and forest floor characteristics. The correlation 
coefficient of clay and sand with the first axis are r = 0.80 and r = – 0.807, respectively. On 
sandy soils, mostly planted with conifers, forest floors are thicker (FFTHICK, r = -0.80) and 
show greater mass (FFWGT, r = -.79  ). Hence, the first axis varies from sandy sites with 
thick forest floors (mor and moder types) on the left to heavy textured soils, with thin mull 
humus to the right. More TOC and N in the topsoil is more associated with these finer 
textured soils than with the coarse, sandy textured soils. C/N ratio however is more elevated 
on the sand sites, indicating more recalcitrant organic matter. TOC and N are closely 
associated since most N is organically bound. They are contributing to the second axis (r = -
0.44) and (r = -0.53), respectively, together with the forest floor characteristics.  
CFU (10 P

-1
P) are more correlated to the first axis (r = 0.48) than to the second axis (r = -0.34), 

showing that they will increase when more clay and N or TOC is present, and low when sites 
are more sandy and low in organic matter. The angles between the vectors of the diversity 
indexes AWCD, S Bbas0B and HBbas0B,are small, showing that they are all well correlated. Since 
these vectors are perpendicular to TOC or N, they are not correlated as was found in Table 
45.  
They will increase with increasing clay content and decreasing thickness of the forest floor 
(i.e. eumoders and mull types). The third axis (Figure 94) is most correlated with mineral soil 
HWC (r = -0.79) and TOC (r = - 0.51). These are rather independent form texture and forest 
floor thickess. Diversity indexes are positively correlated to the 3 P

rd
P axis, suggesting greater 

values when HWC decreases. While CFU counts seem well correlated with trophicity (more 
clay, N, greater pH), it is rather independent from HWC, not indicating trophic status. 
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Figure 93. PCA biplot (components 1 & 2) with vectors of variables (in red) and sites (blue 
dots) with site number. First axis explains 39.4 % of variance, second axis 14.8 % 
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Figure 94. PCA biplot (comp 1 & 3) with variable vectors (in red) and sites (blue dots) with 
number.First Axis explains 39.4 % of total variance, third axis 12.4 % 
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Box 5. Partial conclusions of the case study (85 sites) 
 

• Median total soil COB2B-efflux  for all sites is 368 mg COB2 B mP

-2
PB Bh P

-1
P and median SD = 56 COB2 B mP

-2
PB 

Bh P

-1
P. Efflux ranges from 191 to 686 mg COB2B mP

-2
PB Bh P

-1
P. 

• A median forest site requires at least 6 soda-lime measurements to obtain a detectable 
difference of 100 mg COB2 B mP

-2
PB BhP

-1
P with 80% power. 

• For COB2 B respiration, the within site variation is high (42% of the total variation). Hence 
differences among sites or factor classes are rather difficult to detect with a limited 
number of observations. 

• Mor humus types have lower soil respiration rates than moder and mull types and wet 
sites  have significant greater rates than dry sites.  

• Broadleaved forests show significantly greater TOC contents than coniferous forests in 
the upper 10 cm; similarly more TOC is found on heavy textures soils, mostly supporting 
deciduous forest, than on sandy soils (mostly coniferous forest). 

• HWC ranges from 433 to 3355 µg gP

-1
P with a median value of 1170 µg gP

-1
P; deciduous forests 

(median = 1212 µg gP

-1
P ) differ significantly from coniferous forest (median = 929 µg gP

-1
P). 

• HWC content is greatest  in stands with mull humus types and species with fast decaying 
litter. Hence, HWC is negatively correlated with C/N ratio. 

• HWC is not clearly correlated with soil texture in contrast to soil moisture. Wet soil 
conditions lead to greater HWC contents. Higher soil reaction (pH > 5) favoure greater 
HWC levels. 

• HWC:TOC and COB2 B-efflux:HWC ratio’s  are not related to stand type nor tree species. 
• HWC:TOC appeared to be lower on heavy textured soils than on sandy soils, and lower on 

dry soils than on moist and wet soils.  
• With increasing TOC, both HWC:TOC and CO2-efflux:TOC ratio’s decrease. 
• For all sites, colony forming units of cultivable bacteria at a 10P

-1
P dilution factor range from 

27 to 794 units, with a median of 219.  More CFU’s are counted in deciduous stands than in 
coniferous stands with also higher counts for mull humus types. 

• CFU’s are reasonably well correlated with site trophicity: increasing with increasing clay 
and organic matter content (N and TOC) and with increasing pH-class. Consistently, CFU 
counts lower when C/N ratio’s increase.   

• The functional diversity indexes determined on the BIOLOG ecoplates are all well 
correlated to each other, revealing substantial redundancy.   

• The number of coloured wells ranges from 5 to 31 with most S values between 20 and 30 
(median is 25). AWCD and Shannon diversity index H’ are well related to S, according an 
exponential and logarithmic relationship, respectively. Evenness is least correlated and 
shows a narrow range (0.93 to 1). 

• Diversity indexes, except Evenness, are greater in mull humus types under Class 1 
species (nutrient rich foliage) and on fine textured soils. 

• A PCA showed three relevant components: first component (39.4 % of total variation) was 
best correlated with texture and forest floor characteristics. TOC and N are contributing to 
the second component (14.8 % of variation). The third component (12.4 %) is best 
correlated with HWC, independently from texture and forest floor data. CFU counts are 
clearly correlated with trophicity (linked with Clay,pH, N) whereas HWC is rather 
independent from trophicity, but may be better linked with moisture conditions and litter 
quality. 

• Functional biodiversity indexes are weakly positively correlated with more trophic site 
conditions  (more clay, higher pH, C, N and CFU, thin forest floors) and negatively 
correlated with HWC content. 
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4. Discussion 
 
The aim of this study was to come to a proposal of indicators for reliable assessment of 
forest soil microbial activity and functional microbial biodiversity.  
 
4.1. Soil microbial activity 
 
Assessing the activity or the basic performance of a microbial population at a specific site 
leads to an ecophysiological profile of that site (Anderson 2003). Generally, two groups of 
indicators are suggested by many authors for ecophysiological profiling (Leinweber et al., 
1995; Sparling et al, 1998; Li et al., 2004; Landgraf et al., 2005; among others). The first 
group is focussing on the respiration of bacterial communities, measured as CO B2B-efflux being 
an absolute measure or the metabolic quotient (qCO B2B) which is relative to the microbial 
biomass. The second group is quantifying microbial biomass by estimating microbial C (C Bmic B) 
or a proxy variable (HWC) as absolute measures, or relative to the total organic carbon 
content of the soil, i.e. the ratio’s  CBmicB:TOC and HWC:TOC. 
We will discuss all these indicators based on our findings and confront them with literature. 
 
4.1.1. SOIL RESPIRATION 
 
Soil respiration represents a major component of the soil carbon cycle and is an indicator of 
soil carbon storage, soil biological activity and overall soil quality (Lee & Jose, 2003). In 
general, soil respiration depends upon the respiration of plant roots and soil microorga-
nisms. In situ, these two main producers of CO B2B are difficult to separate. Bowden et al. 
(1993) found that microbial CO B2B efflux rate represents one-half to two-thirds of the total COB2B 
efflux rate. 
 
At the two test sites assessing the temporal variation, we found an annual min-max range for 
the two test sites between 203 - 576 CO B2 BmP

-2
P h P

-1 
P. Certini et al. (2003) found for two soils 83 

mg COB2 BmP

-2
P h P

-1 
Pas the lowest value and 958 mg CO B2 BmP

-2
P h P

-1
P as the highest value. Lessard et 

al. (1994) found in a mixed stand 96 to 617 mg CO B2 BmP

-2
P h P

-1
P and Hanson et al. (1993) reports 

a range for an oak-wood stand from 125 to 917 mg COB2 BmP

-2
P h P

-1
P. Our data are in accord with 

these reference data, knowing that the winter 2006 was exceptionally warm. The levels we 
found at our 85 test sites, ranged from 191 to 686 mg COB2 BmP

-2
P h P

-1
P. This shows almost the 

same variation between sites, measured during one month (June 2006), as for a single site 
throughout the year.  
 
Environmental factors such as soil temperature and soil moisture are known to have 
pronounced influence on the seasonal dynamics of soil respiration (Llyod & Taylor, 1994). 
Totally in line with this, we found soil respiration strongly related to air temperature regime 
(Figures 30 and 31), which is in turn, strongly linked with soil temperature. Borken et al. 
(1999) carried out measurements for 2 years in a pure stand of Picea abies from northern 
Europe and estimated that more than 75% of the annual release of CO B2B from soil occurred in 
the period April–October, with the highest values in August and September. Assuming that 
January had the same CO B2B-efflux as the average of February and December, our findings 
show that in the period April-October 68 % and 72 % of the annual COB2B release was found 
on the sandy and silt loam site, respectively. These data are comparable with the findings of 
Borken et al (1999). However, moisture conditions seem to play also an important role: 
respiration decreases when moisture is lacking as in September 2006. This was also found 
by Casals et al. (2000), who reported a strong decrease in the CO B2B efflux in late summertime 
in a Pinus halepensis stand under a Mediterranean type of climate. Certini et al. (2003) found 
that the efflux depended more on air and soil temperatures than soil moisture.   
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Hence, soil respiration rate is related to both soil temperature and soil moisture, and 
therefore varying strongly with the seasons and influenced by monthly or even weekly (daily 
?) weather conditions. This makes it very difficult to compare sites based on single 
observations, because in soil surveys teams generally survey one plot after the other over  
long periods of time. Monitoring efflux is therefore only recommended on level II or intensive 
monitoring sites, so that sites can be compared on an annual basis. 
 
Certini et al. (2003) found the highest COB2B efflux when the release of leaves was maximum 
and the conditions of temperature and moisture were particularly suitable for microbial 
activity. Indeed, we found also high rates in October when fresh leaf litter was shed for the 
Schorisse site, but for the Pinus sylvestris stand in Brasschaat the monthly efflux was the 
greatest in October although most needle litterfall occurs later. These data assumes that soil 
respiration is most related to favourable microclimatic conditions and secondly, by litterfall 
input.  
 
Due to its strong dependence on climatological factors, and its confounding with root and 
vegetational respiration, total in situ soil respiration is not considered a suitable indicator for 
microbial activity of a site. Assessing soil respiration in vitro, on soil samples without plant 
roots and under controlled conditions of temperature and moisture would be more useful. In 
that case however, it becomes questionable if this assessment is still representative for the 
local site conditions where the sample originates from. 
   
Soil physical and chemical properties such as texture, organic matter content, root density 
and microbial biomass may also affect the magnitude of soil respiration (Lee & Jose, 2003). 
We found no or very weak relationships with soil texture, carbon content or microbial indices. 
Some evidence was found that wet sites showed greater CO B2B-efflux rates compared to dry 
sites and that mor humus types had lower soil respiration rates than moder and mull types.  
 
Within a site, variation of total COB2B-efflux is quite high (42 % of total variation) when 
compared to the between site variation.  Hence, a large number of observations  is required 
to detect differences among sites. The applied soda-lime technique was evaluated as a 
convenient, low-cost and practical method offering the possibility for installing many 
replicates within a site. Janssens et al. (2000) compared four different techniques in situ for 
assessing soil CO B2B-efflux. Large and systematic differences were found between techniques 
and sites. Although the soda-lime technique underestimated higher fluxes, it was better 
correlated with the suggested reference system (a dynamic closed-chamber infrared gas 
analysis system - IRGA) than the other systems. 
 
Finally we can conclude that total soil CO B2B-efflux measured in situ using the soda-lime 
technique seems useful when many units are installed as replicates and monitoring is done 
over a long time-period. Both are necessary to cope with the high spatial and temporal 
variation of soil respiration within a stand. Therefore, this indicator and technique are not 
suited for rapid assessment of the microbial activity of a site by single measurements. 
 
For the same reason the COB2B-efflux to HWC ratio, hypothesised to be related to the qCO B2B, is 
considered not suitable.  
 
4.1.2. MICROBIAL BIOMASS INDICATORS 
 
Because of the importance of biological activity as an attribute for soil sustainability, Li et al. 
(2004) listed many scientists who proposed the use of soil microbial biomass and 
composition as indicators. Instead of quantifying microbial carbon (C Bmic B) we applied hot water 
carbon (HWC) as a relatively new technique, because the determination of soil microbial 
biomass is a time consuming process (Ghani et al., 2003).  Bloem et al. (2003) list the three 
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most common biomass assessment methods: (i) the Chloroform fumigation extraction 
technique, (ii) the substrate-induced respiration using glucose as substrate added to soil and 
(iii) direct microscopy combined with automatic image analysis. All these methods are 
laborious and/or request expensive equipment. 
The hot water extractable pool of C tend to relate well with microbial biomass-C (Sparling et 
al., 1998, Ghani et al., 2003), although it is not a substitute for microbial C. Sparling et al. 
(1998) found that the amounts of HWC extracted in soils were 3 -7 times higher than that 
extracted as microbial biomass. Considerably higher amounts of C in the HWC is due to the 
fact that it extracts not only the microbial biomass-C but also root exudates, soluble 
carbohydrates and amino acids. The C bound to soil enzymes would also be extracted. Most 
of these components of SOM are regarded as labile in nature.  
Ghani et al. (2003) proposes HWC as one of the soil quality indicators in soil-plant 
ecosystems. Up till now, there are only few attempts to explore the potential of HWC as a soil 
quality indicator. 
Ghani et al. (2003) showed that HWC is a sensitive measure for determining subtle changes 
within an ecosystem. Depletion in HWC could give an early indication of deterioration or 
decline of soil organic C. Loss of HWC in any given soil system would indicate decline of 
organic labile nutrients, microbial biomass pool and possibly degradation of soil structure. 
 
However, in contrast to its practical importance, the molecular-chemical composition of hot 
water-extractable organic matter has been subject to speculation rather than to detailed 
investigations, according to Leinweber et al. (1995). Apart from that, Leinweber concludes 
that HWC appears to be a valuable and rapid soil indicator for estimates of labile SOM 
constituents, biological activity, and soil and site fertility. 
 
When screening 85 forest sites, we found HWC ranging from 433 to 3355 µg g P

-1
P dry soil. On 

the 2 test sites the annual variation varied from 707 to 1400 µg g P

-1
P on the Brasschaat site and 

from 1366 to 2706 µg g P

-1
Pon the Schorisse site. 

On pasture and arable land, Sparling et al. (1998) found HWC in the range 1 to 1068 µg g P

-1
P. 

Scheuner & Makeschin (2005) found in two Scots Pine forests in Northern Germany on a 
Cambisol and Podsol at 0 to 35 cm of depth HWC levels around 1100 µg gP

-1
PB B(Cambisol) and 

1700 µg gP

-1
P (Podsol). When applying N fertilisation HWC increases on the Podsol till 2300 µg 

g P

-1
PB Bdw. Ghani et al. (2003) found on the same allophanic soils large differences according to 

landuse: average levels were for native land: 4000 µg g P

-1
P, sheep/beef pastures: 3400 µg g P

-1
P, 

dairy pastures 3000 µg g P

-1
P, cropping: 1000 µg g P

-1
P and market gardening soils 850 µg g P

-1
P. In a 

temporal variation experiment Leinweber et al. (1995) found HWC to range from 430 µg g P

-1
P to 

660 µg g P

-1
P and long term fertilized soils in their study showed greater (933 µg g P

-1
P) HWC levels 

than soils without fertilisation (511 µg g P

-1
P). 

Our HWC levels are within a comparable range as these authors, although, as we showed in 
chapter 3.1.1.1, the range of HWC results may vary a factor 2 due to the extraction method 
applied, mainly determined by temperature. Hence, comparing data with literature is highly 
tentative unless the same protocol is used (which is seldom the case) or a proper correlation 
is applied. We found a good correlation (r = 0.95, n = 15) between HWC results after 1 h of 
extraction at 100°C and after 16 h of extraction at 70°C. Using the latter condition we found 
that on average 56% was extracted. Therefore, we suggested a ‘standard’ protocol in annex.       
 
As Ghani et al. (2003) found substantial differences with landuse, we found significant 
differences between forest types: deciduous forests showed greater HWC levels than 
coniferous forests. Tree species producing fastly decaying leaf litter showed greater soil 
HWC levels than species with recalcitrant litter. This is consistent with the references listed 
by Landgraf et al. (2005) stating that microbial biomass and enzyme activities have been 
shown to be affected by tree species. Since in a forest, litterfall can be considered as a 
yearly natural fertilisation, this is also in agreement with the fertilisation trials in literature 
showing greater HWC levels with increased addition of nutrients. Forest soils with mull 
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humus types therefore show greater HWC levels than soils with moder or mor forms. We 
found also HWC to be negatively correlated with C:N ratio. 
 
HWC is also positively correlated with TOC levels in forest soils. When soils of other 
landuses are added to the dataset, this relationship is unclear, suggesting different HWC to 
TOC relationships according to landuse. Leinweber et al. (1995) reported hot water 
extractable carbon in the range of 3 – 5 % of total organic carbon. The average HWC for the 
85 sites we analysed was 3.37 ± 0.19 % of TOC, ranging from 1.1 to 6.1 %.  Scheuner & 
Makeschin (2005) reported HWC levels not more than 10 % of the TOC and presumed this 
percentage as the maximum amount of easily available organic C for microbial degradation. 
In accord with Sparling et al (1998), they  regard HWC as a measure of labile soil C, not 
necessarily a substitute for microbial C. So HWC indicates the potential labile C pool readily 
available to the microbial population, including microbial C itself.  
 
We analysed the horizontal and vertical spatial variation, and the temporal variation of HWC 
on two test sites.  Horizontally in the 0-10 soil layer, we found different spatial structures 
between the test sites. In the coniferous site, small scale (less than 3 m) variability 
dominated over the stand variability and no significant spatial patterns were found at the 
stand scale. In the deciduous stand a clear gradient was found, probably related to varying 
moisture conditions at that site, but the small scale variability was relatively low, although in 
absolute terms greater than at the deciduous stand. A variogram analysis revealed squared 
nugget values of 249 µg g P

-1
P and 436 µg g P

-1
P for Brasschaat and Schorisse sites, respectively. 

Average HWC levels for both sites are 1125 and 2157 µg g P

-1
P, so an error of  22 and 20 % 

(relative standard deviation) is attributed to sampling and analysis, which is acceptable. 
 
The vertical distribution of HWC resembles the vertical distribution of TOC, exponentially 
decreasing with depth. This is in agreement with the findings of Certini et al. (2003) who 
found that the microbial activity was at a maximum in the top horizon and drastically 
decreased downwards. This decrease likely depended on the diminution with depth of both 
the microbial biomass and the available C pool. The inflection point of the vertical distribution 
for both test sites was at 20 cm, which is suggested as the relevant sampling depth. For all 
depths we found greater HWC levels in the silt loam soil than in the sandy soil of the test 
sites. 
Little temporal variation for HWC was observed throughout the year apart from a slight 
increasing trend from February to June. Most important was that the HWC level at the Silt 
loam site was always greater than the level at the sandy site. This may suggest that HWC is 
site related and relatively invariable throughout the year, except when perturbations occur. 
This allows sampling at any time of the year leading to comparable conclusions with respect 
to inter site comparison.  
 
We found that HWC is not clearly correlated with soil texture. In contrast soil moisture has an 
impact on HWC: wet soil conditions generally lead to greater HWC contents. Also, higher soil 
reaction (pH > 5) is linked with greater HWC levels which is expected since bacterial growth 
is favoured by less acid conditions. 
 
Fischer (1993) showed that HWC contents in soil were strongly correlated with CO B2B evolution 
which would indicate that a proportion of the HWC must be easily available for microbial 
utilisation. In contrast we found no relation at all between in situ soil respiration and HWC 
content. However, Fisher (1993) measured in vitro CO B2 Bevolution during a 3-day incubation 
whereas we measured total soil respiration where relationships may be masked by other 
respirational sources (i.e. roots, mosses, etc). 
 
We agree with the conclusion of Sparling et al. (1998) with respect to HWC: the method 
requires further validation on other soils but is worthy of attention for wide scale soil quality 
monitoring in that it is simple, rapid, does not require toxic fumigants, and the soils may 
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conveniently be stored in an air-dry state at room temperature until analyzed. Furthermore, 
HWC seems a valuable indicator for the labile C pool, including bacterial carbon or C 
compounds readily available to soil microbes.  
 
Therefore we recommend HWC as a suitable indicator for forest soil microbial biomass and 
activity.  
 
A derived indicator is the HWC to TOC ratio. Landgraf et al. (2005) found that the HWC:TOC 
ratio describes the portion of easily mineralisable C of the TOC in the soil. They tested soils  
under two tree species with comparable high amounts of organic C, but significantly different 
contents of medium-term and readily mineralizable C.  
For the pre-screening sites, we found that HWC:TOC ratio was generally greater in 
coniferous stands than in the deciduous stands, on agricultural land and landfill sites which 
showed greater TOC contents. This distinction between broadleaved and coniferous stands 
was not significant for the test 85 sites.  
 
We find this HWC:TOC ratio more difficult to interprete than the absolute HWC value. 
Moreover, in the ecosystem the absolute mass of microbial biomass or labile carbon sources 
seems more important to us than its proportion to TOC. It is probably better to analyse and 
discuss HWC and TOC separately. This will lead to much more insight than to calculate and 
discuss the ratio solely. 
 
 
 
In order to determine a comparable inoculum density per sample for the BIOLOG Ecoplates, 
we determined the number of cultivable bacteria (CFUs) on standard agar plates according 
to our protocol (Chapter 7). When analysing the CFU data, we found an interesting 
ecophysiological indicator for the abundance of (cultivable) soil bacteria.  
CFU’s are reasonably well correlated with soil fertility: increasing with increasing clay and 
organic matter content (N and TOC) and with increasing pH-class. Consistently, CFU counts 
decrease when C/N ratio’s increase. Clear distinctions could be made between CFU counts 
of  deciduous stands versus coniferous stands with highest counts for mull humus systems. 
 
The vertical distribution of CFUs seemed quite different between the sand and silt loam test 
sites. A gradual decrease was found in the silt loam site and a rapid decrease with little 
variation below 10 cm of depth at the sandy site. When expressed relative to the TOC, 
distinct differences among the test sites were observed independently from depth. The 
CFU:TOC ratio is also suggested as a valuable indicator for culturable bacterial density. 
 
The number of CFUs seemed relatively constant from May to October. The dilution factors 
we applied seemed not very appropriate for counting.  On fertile sites a dilution factor of 10P

-1
P 

led to counts that were too high (up to 800) to be counted reliably so that a dilution of 10 P

-2
P 

was required. However a 10 P

-2
P dilution was too high for the oligotrophic sites were CFU counts 

were near detection limit. Dilution factors 10 P

-3
P, 10 P

-4, 
P10 P

-5
P were not considered as relevant for 

Flemish forest soils. Therefore we suggest to use a dilution factor between 1:25 and 1:75 (f.i. 
1:50). Further tests should reveal if one of these dilution factors enables us to make reliable 
CFU counts for all types of sites. 
 
CFU is weakly, but significantly correlated with HWC. Both are indicating presence of 
bacterial life, but CFU is providing information on agar plated cultivable bacterial 
communities whereas HWC is expected to represent all bacterial C including other label C 
forms.  
CFU is also recommended as a useful and rather easy to determine indictor of 
microbiological activity. It can be analyzed as a first step in Biolog CLPP analysis and is 
therefore linking ecophysiological and community level physiological profiling information.  
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4.2. Microbial functional diversity 
 
 
Biodiversity is a term that is often used but rarely well defined. Zak et al. (1994) distinguishes 
three interrelated types of biodiversity: taxonomic, genetic and functional biodiversity. Most 
research is currently focussing on taxonomic richness or diversity. Attention to genetic 
diversity is raising, especially as it relates to rare or endangered species.  
Functional diversity, however, is quite new and least examined, although essential to 
ecosystem functioning. Exploring functional diversity will enhance our understanding of how 
ecosystems work. This is an important basis for sustainable management of these systems 
and make microbial populations worthwhile to study. All organisms in the biosphere depend 
on microbial activity (Pace, 1997). Soil micro organisms are vital to the continuing cycles of 
nutrients and for driving above-ground ecosystems (Kirk et al., 2004). 
In soil, bacteria are the smallest and most numerous of the soil organisms (Craul, 1992). 
Bloem et al. (2003) estimates bacteria in soil having densities of about 10 P

9
P cells per g soil 

and a biomass of about 50-500 kg C ha P

-1
P. 

In forest soils, little is known about the taxonomy of microbial organisms, and even less 
about their genetic identity and diversity. Kirk et al. (2004) states that it is difficult to study the 
diversity of a group of micro organisms when it is not understood how to categorize or 
identify the species present. The only practical way is assessing their functional diversity. 
Operationally, in accordance with Zak et al. (1994) we define microbial functional diversity as 
the numbers, types, activities and rates at which a suite of substrates are utilized by the local 
bacterial community. 
 
The BIOLOG technique has the potential to produce a rich data set that is ideal to detect 
site-specific differences in soil bacteria and evaluate the relationship between biodiversity 
and site conditions (Li et al. 2004). 
 
We tested BIOLOG Ecoplates on 100 forest stands grouped as 15 pre-screening sites and 
85 test sites. For each (composite) soil sample, 3 replicates of 31 carbon sources were 
inoculated and the metabolic responses were recorded using the indicators: AWCD (average 
well colour development) as a rate indicator, S (richness) and Shannon diversity (H’) and 
evenness (E) indicators for diversity in substrate utilisation (Zak et al., 1994; Staddon et al., 
1997; Derry et al. 1998). 
 
All these indicators are rather well correlated and there is redundancy among them. We 
found that the Shannon H’ indicator represented most information, so that AWCD and 
richness and evenness are redundant.  
A methodological problem is how to deal with borderline values, being weak colourations of 
wells. We calculated all indicators twice, based on borderline included or excluded.  
In all, comparable conclusions may be drawn from both ways, but preference is given to set 
borderline values as 0 (no positive reaction) because it enables more distinction among sites. 
So, only clearly visible colour reaction of wells is acknowledged.  
 
In the following discussion, only diversity indexes based on borderline set as 0 (bas0) were 
used.  
For the case study (85 stands), we found S, H’ and E values with ranges: 5-31, 1.50-3.40 
and 0.93 to 1.00, respectively. Banu et al. (2004) found for pasture surface soils in Australia 
on different soil types average S values from 27 to 31, H’ levels ranging from 3.24 to 3.39 
and E levels from 0.97 to 0.98. These ranges are much more narrow than our data, although 
incubation time was the same (120 h). Derry et al. (1999) listed Shannon H’ index values 
(after 72 h of incubation) for very different soils and climatological regions ranging from H’ = 
0.05  in the Chihuahuan desert to H’= 4.32 in Pine forest with ‘organic soils’ at 60° latitude. 
Forest soils ranged from H’ = 2.65 to 4.32. Most of our forest soil H’ levels (Figure 92) are 
comprised between 2.60 and 3.50 fitting is this range. In another paper Derry et al. (1998) 
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compared uncontaminated soils with creosote contaminated soils, H’ ranged from 3.60 to 
4.35 and E from 0.86 to 0.96. No significant differences between polluted and unpolluted 
soils were found based on these indexes. Yan et al. (2000) reported H’ levels ranging from 
4.20 to 4.56 for Vertisols in New South Wales.  
In most studies, E is in a narrow range and is seldom clearly correlated with soil variables. 
On the other hand, the diversity H’ index shows a larger range and a greater explanatory 
capacity. Derry et al. (1999) distinguished enriched microbial communities (H’ = 4.20) from 
enriched soil microbial communities (H’ = 3.66). Yan et al. (2000) found significantly greater 
Shannon diversity indexes in the uncultivated Vertisols than in the cultivated ones. This is in 
accord with Anderson & Weigel (2003) who found that CLPP indicators were greater in 
uncultivated soils. The site with the greatest soil fertility in our dataset (BL25) showed also 
the greatest H’ (and E). In the pre-screening dataset, pasture (hay-land) showed a greater 
substrate utilisation diversity (H’ = 3.38) than ploughed cropland (more cultivated) on the 
same soil (H’ = 3.19). Banu et al (2004) writes that soil microbial diversity (as measured by 
substrate utilization) and activity have been reported generally to decrease with soil 
disturbance. 
 
These data suggest that C profiling using Biolog Ecoplates is an interesting method for 
screening forest stands for their functional microbial diversity and to assess the impact of 
disturbance on the microbial population.  
The small exploration we did on the pre-screening dataset concerning the patterns of carbon 
source utilization revealed that landuse and soil texture groups may be distinguished based 
on the use of specific carbon sources. It is out of the scope of this report to discuss it further, 
but it shows that Ecoplates provide a whelm of interesting data to explore microbial 
communities of forest ecosystems. 
 
We found separation of microbial communities according to texture, tree species class and 
humus type in the survey of 85 differing forest sites with CLPP. Priha et al. (2001) found 
separation of microbial communities in humus and soil under three different tree species with 
PFLA but not with CLPP. In contrast, Derry et al (1998) states that different soil textures 
contribute to a differing functional microbial diversity. In accord we showed that CLPP is 
influenced by soil texture. 
 
As all methods, Biolog Ecoplates have their limitations. As shown by Garland & Mills (1991), 
the rate of colour development is largely determined by inoculum density. We used the CFU 
counts to overcome that problem applying the dilution in which 10 to 100 CFU were formed.  
A second problem is that the method only tests for a subset of the total microbial community 
(Yan et al., 2000). The activity of species that cannot grow or only very slowly in the artificial 
environment of the microplate will not be registered. Fast-growing aerobic bacteria probably 
dominate microbial activity in the microplate. Furthermore, the importance of fungi in the 
community are largely ignored (Yan et al., 2000). 
Another problem of these CLPP techniques is that we also do not know whether the signals 
obtained belong to organisms which are engaged in activities under study or whether they 
include dormant organisms as well. Organisms can survive over decades in dormant stage 
(Anderson & Weigel, 2003). 
Insam & Goberna (2004) put it straight: The researcher must always keep in mind that it is 
not the utilization of single substrates, but the change in the substrate utilisation pattern that 
is important. It also must be emphasized that CLPP is not a culture-independent method, but 
rather biased towards fast-growing, easily cultivable species (Smalla et al, 1998). Thus, 
CLPP must not be seen as a stand-alone method, but it can be highly complementary to 
other approaches in the polyphasic analysis of microbial communities. 
  
 
Finally, no references are found discussing the number of Ecoplates needed for a reliable 
CLPP of a site. Based on a simulation using real life data of two sites, we found that one 
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Ecoplate with 3 replicates is sufficient to detect a significant difference in diversity H’, but that 
H’ slightly increases and E decreases when more Ecoplates are used.  From 3 Ecoplates 
onwards, we detected stable H’ and E values and a high precision to discriminate between 
sites confidently. Each Ecoplate is inoculated with a mixed soil sample of 16 subsamples of 
the 0-10 mineral surface layer. 
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5. Conclusion 
 
 
Many different potential indicators for soil bacterial diversity have been presented in literature 
while few are in use in monitoring programmes and none are standardised. A consensus on 
recommendation and standardisation of indicators is essential. 
We explored literature and tested some promising indicators on a pre-screening set of 15 
different soils. Based on our practical experience we developed protocols to standardise 
methods for (i) bacterial colony counting (CFU), (ii) CLPP analysis using Biolog Ecoplates, 
(iii) measuring soil CO B2B-efflux using the soda-lime technique, (iv) determination of hot-water 
extractable carbon (HWC) as a proxy variable for labile carbon, including microbial carbon. 
 
When applying these methods in a case study on 85 forest stands across the Flanders 
region, we found the indicators HWC and CFU counts most useful for indicating microbial 
biomass. Information about functional microbial diversity is provided by Biolog Ecoplates 
when quantifying the indicators AWCD, S, H’ and E. These indicators were found to correlate 
strongly and the Shannon diversity index H’ was selected as the most informative. The other 
indicators are considered redundant. 
 
The recommended indicators HWC, CFU count and Ecoplate based Shannon diversity H’ 
provide complementary information on microbial populations. HWC is this proportion of the 
total organic carbon pool that is labile in nature and includes microbial C and easily 
metabolising C and N sources readily available to the microbial population. Depletion in 
HWC could give an early indication of deterioration or decline of soil organic C. Loss of HWC 
in any given soil system indicates decline of organic labile nutrients, microbial biomass pool 
and possibly degradation of soil structure. 
CFU counts yields information about the number of cultivable bacteria in a soil sample. It is a 
fraction of all bacteria but probably a good indicator for bacterial density. This CFU is 
methodologically linked with the Ecoplate inoculum density assessment. 
The Shannon diversity index H’ based on Ecoplate C profiling data holds information on the 
functional structural diversity of an unknown part of the microbial population. The greater the 
functional diversity, the more carbon sources are utilisable and the more stable the soil 
ecosystem is and the greater its resistance and resilience.  
These three indicators will decrease with disturbance and/or soil degradation and are 
therefore regarded as suitable indicators to determine the forest soil condition and to assess 
the  impact of anthropogenic or natural perturbations on the soil microbial population.  
 
We believe that the results of this report are fertile ground for implementing the suggested 
indicators in forest soil research and monitoring and soil biodiversity assessment 
endeavours.  
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7.  Protocols 

 

7.1. Colony counting 
 
Principle 
 
This method is used for determining the number of microbial colony-forming units (CFU) of a 
soil sample. Only a fraction of the bacteria present in soil that are culturable are determined. 
A simple agar plating method was used to quantify microbial communities in different soils 
and can be related to the ecophysiology of the microbial communities present. This method 
was also used to determine the optimum bacterial concentration to inoculate the Biolog 
Ecoplates.    
 
 
Apparatus 
 
Balance 
99 mL sterile water in a bottle 
Pipettes  
Sterile nutrient agar plates 
Spreading rod (L-shaped in glass or metal) 
Alcohol (rubbing alcohol, 70% isopropyl alcohol) 
 
Reagents 
 
Procedure 
 
UPreparation of Ringers solution 

• Dissolve 1 tablet Ringers solution (Oxoid) in 500 ml distilled water 
• Autoclave and cool down (to be prepared one day in advance) 

 
USerial dilution  

• Homogenize all subsamples 
• Mixture of 10 g of soil (fresh weight) from each subsample 
• Dissolve 5 g of the mixture in a falcon tube filled with 45ml Ringers solution = A 
• Shake 20 – 30 min in overheadshaker  
• Serial dilution in falcons (50 ml) to 10 P

-5
P 

 3 ml from solution A in 27 ml Ringers solution = B (10 P

-1
P) 

 3 ml from solution B in 27 ml Ringers solution = C (10 P

-2
P) 

 3 ml from solution C in 27 ml Ringers solution = D (10 P

-3
P) 

 3 ml from solution D in 27 ml Ringers solution = E (10 P

-4
P) 

 3 ml from solution E in 27 ml Ringers solution = F (10 P

-5
P) 

 
UPreparation of spread plates (work in laminary flow) 

• A mixture of 1000 ml distilled water, 28 g nutrient agar (Oxoid) and 50 g sucrose was 
made 

• Autoclave 20 min on 121 °C 
• About 15 ml was poured into plates, prior to use and stored in plastic bags in 

refrigerator at approximately 7 °C.  
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UInoculation of spread plates (work in laminary flow) 
• Label five petriplates with the soil sample number and five dilutions (B-F). 
• Pipette 100 µl of each dilution on an agar spread plate.  
• Dip the spreader (hockey stick form) into the EtOH to sterilize it and lightly flame it to 

remove the EtOH. Allow to cool briefly. 
• Briefly touch the spreader to the agar of an inoculated plate to cool, away from the 

inoculum.  
• Spread the inoculum by moving the spreader in an arc on the surface of the agar 

while rotating the plate. 
• Continue until the inoculum has been absorbed into the agar. 
• Put all plates in the incubator at 20 – 25 °C (one fixed temperature within this range) 

incubate during two days/ 
 
Calculation 
 
After incubation select a plate with a countable number of colonies (between 25 and 250). 
Count the number of colonies and calculate the number of bacteria per 1 g of soil. 
 

 
 



 117

7.2.  Community Level Physiological Profiling - CLPP 
 
Principle 
 
Environmental researchers use physiological data concerning whole communities that could 
be generated by inoculating mixed microbial assemblages into the Biolog plates and noting 
the response of the mixed community to carbon sources. Since prokaryotic communities can 
be considered functional units characterized by the sum of the metabolic properties of 
individual bacteria, CLPP represents a sensitive and rapid method for assessing the potential 
metabolic diversity of microbial communities. CLPP involves inoculating mixed microbial 
communities into Biolog MicroPlates.  
The Biolog EcoPlate contains 31 of the most useful carbon sources for soil community 
analysis. The utilization of a specific carbon source by the microbial community results in the 
respiration-dependent reduction of the dye and purple colour formation that can be quantified 
and monitored over time. The pattern of colour development characterises the functional 
diversity, if equal amounts of bacterial cells are added. If a fixed amount of soil is added, it 
reflects the number of active bacteria. The 31 carbon sources are repeated 3 times to give 
the scientist more replicates of the data. Communities of organisms will give a characteristic 
reaction pattern called a metabolic fingerprint. These fingerprint reaction patterns rapidly and 
easily provide a vast amount of information from a single Biolog EcoPlate.  
 
Apparatus 
 
 
Reagents 
 
 
Procedure 
 
Since we are interested in the functional diversity of the soil, equal amounts of bacterial cells 
are added.  
 

• Use the dilution in which 10 to 100 CFU were formed 
• Inoculate each well with 100µl of the appropriate dilution 
• Incubate during 7 days at 25°C 
• Perform readings after 5 days and 7 days  
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7.3. Soil respiration – soda lime technique 
 
 
Principle 
 
The conversion of organic carbon to CO B2 Bby decomposers (mainly bacteria and fungi) is 
called respiration. This release of CO B2 Bhas global implications because it occurs in 
ecosystems worldwide and contributes significantly to the greenhouse effect.  
One of the most common methods for measuring soil respiration, the soda lime method, is 
remarkably easy and does not require expensive equipment. Because of its alkaline 
properties soda lime removes carbon dioxide very efficiently from the atmosphere. The soda 
lime method involves covering a soil plot with a chamber and then placing a pre-weighed, 
open dish of soda lime within it. As the soil organisms release COB2 Bto the chamber it is 
quickly absorbed by the soda lime (along with water vapour). After 24 hours, the chamber is 
removed and the soda lime is dried at 105°C to evaporate the water and then weighed. The 
increase of mass of the soda lime is attributable to COB2B. 
 
Apparatus 
 
Soda lime containers (resistant to 105°C) 
Respiration chambers (plastic buckets) + lids (for blancs) 
Oven 
Dessicator 
Analytical balance (accuracy (0.0001g)) 
 
Reagents 
 
Soda lime with indicator granules (1-2.5mm) 
 
Procedure 
 
Day 1 (lab) 

• Add approximately 8 grams of soda lime to each jar 
• Place the jars with soda lime in an oven at 105°C for at least 24 hours to evaporate 

water from the granules 
Day 2 (lab) 

• Remove jars from the oven and place in desiccator to cool 
• Remove jars from desiccator one at a time, weigh to the nearest tenth-milligram 

(0,0001g) and cover immediately. 
• Record this in a file as the pre incubation dry mass which includes the soda lime and 

jar 
Day 3 (field)  

• Use 6 replicate chambers and two blanks at each location 
• Place a chamber upside down on a relatively flat area of the forest floor. The rim of 

the chamber must make an air tight seal with the soil surface, so carefully remove 
small rocks and twigs that are in the way without disturbing the leaves and soil 
surface under the chamber. Let the chamber lrest on the surface. 

• Take a jar containing soda lime. Remove the cap and place the jar under the 
chamber resting on the soil. Make sure it is not likely to tip over. 

• Slowly and carefully push down on and rotate the chamber to force the edges about 
0,5 to 1 cm into the forest floor. Place a weight on the chamber (like a medium-sized 
rock or branch) to maintain pressure and keep it from blowing away by the wind. 
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• Place an opened jar of soda lime in an upright chamber and seal the chamber with a 
lid. This will serve as a blank to document the amount of CO B2 Babsorbed from the air in 
the chamber and during the opening and closing of the jars. 

• Let all chambers incubate for 24 hours (Photos on pages 8 & 9).   
Day 4 (field+lab)  

• Return to the chambers exactly 24 h later. Remove the chamber and cover the soda 
lime jar immediately. 

• Back at the lab, place all jars uncovered in the oven at 105°C. Dry for at least 24 
hours to evaporate water from the soda lime. 

• Remove the dry soda lime from the oven and place in a desiccator to cool for 5 
minutes. Remove jars one at a time from the desiccator, weigh to the nearest tenth-
milligram. Record this as the post-incubation dry mass (which includes the mass of 
the jar). 

 
Calculation 
 
During the incubation the soda lime absorbs both CO B2 Band HB2BO from the atmosphere which 
will affect the weight. Drying the soda lime after the incubation drives off the water that was 
absorbed and also the water that was produced by CO B2 Babsorption (Grogan, 1998). 
 
The soda lime absorbed 1 mole of COB2 B(44g from the air). At the same time according to 
equation [1] and [2], one mole of H B2BO (18g) must have been released from the soda lime. 
Therefore the measured mass change of the soda lime was 26g (44g-18g). In order to 
compensate for this underestimation we multiply by a correction factor (44/26 = 1.69)    
 
2 NaOH + COB2B  => Na B2BCOB3B + HB2BO       [1] 
 
Ca(OH) B2B + COB2B=> CaCOB3B + HB2BO       [2] 
 
Pre-Incubation Dry Mass of Soda Lime (g) = MBI     B[3] 
 
Post-Incubation Dry Mass of Soda lime (g) = MBF     B[4] 
 
Mass Change of Blank (g) = MBB B= B BMBFB(blank) – MBI B(blank)    [5] 
 
Mass Change of Sample (mg) = ∆M = (MBFB – MBI B –MBBB) * 1000   [6] 
 
COB2 Babsorbed by Soda lime (mg COB2B) = ∆M * 1.69     [7] 
 
Soil Respiration (mg COB2 B/ mP

2
P / d) = COB2 Babsorbed / Area / Days of Incubation [8 ] 

 
 
Reference 
 
Edwards, N.T. 1982. The use of soda-lime for measuring respiration rates in terrestrial 
systems. Pedobiologia 23: 321-330. 
 
Grogan, P. 1998. CO2 flux measurements using soda lime: correction for water formed 
during CO2 adsorption. Ecology 79(4):1467-1468.  



 120

7.4. Total Organic Carbon – TOC 
 
 
Principle 
 
The carbon present in the soil is oxidised to carbon dioxide (COB2B) by heating the soil to at 
least 900°C in a flow of oxygen-containing gas that is free from carbon dioxide. The amount 
of carbon dioxide released is then measured by titrimetry, gravimetry, conductometry, gas 
chromatography or using infrared detection method, depending on the apparatus used. 
When the soil is heated to temperature of at least 900°C, any carbonates present are 
completely decomposed. 
 
Total organic carbon can be determined directly or indirectly. Direct determination consists of 
previous removal of any carbonates present by treating the soil with hydrochloric acid. 
Indirect determination consists of a correction of the total carbon content for the carbonates 
present. 
 
Apparatus 
 
Glassware 
Analytical balance (accuracy 0.0001 or 0.00001g) 
Apparatus for determination of total carbon content (temperature at least 900°C) 
Crucibles proper for the apparatus 
 
Reagents 
 
Combustion gas – chemicals and catalysts proper for the apparatus 
Calibration substances 
Hydrochloric acid (HCl), conc 4mol/l 
 
Procedure 
 
Laboratory sample 
Use sample of air dried soil (fraction<2mm) of known moisture and carbonate content 
 
Calibration of the apparatus 
Calibrate the apparatus as described in the relevant manual using the calibration substances 
 
Direct determination of organic carbon content 

• Add an excess of hydrochloric acid (4mol/l) to the crucible containing a weighed 
quantity of air-dried soil and mix.  

• Wait 4 hours and dry the crucible for 16 hours at a temperature of 60°C to 70°C. 
• The amount of test portion taken for analysis depends on the expected carbon 

content and on the apparatus used. 
• Weigh out mB1B g of the air-dried sample in a crucible. 
• Carry out the analyses in accordance with the manufacturer’s manual for the 

apparatus 
 
Indirect determination of organic carbon content 

• The procedure is identical to the direct determination of organic carbon content, 
without adding hydrochloric acid. The measured total carbon content is calculated 
according to the amount of test portion taken for analysis which depends on the 
expected total carbon content and on the apparatus used. 
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• Weigh out mB1B g of the air-dried sample in a crucible. 
• Carry out the analyses in accordance with the manufacturer’s manual for the 

apparatus. 
 
Calculation 
 
UDirect determination of organic carbon content 
The organic carbon content (on basis of air-dried soil) is obtained by :  
 

2727.01000
1

2
××=

m
mwC,o  

where 
 wBC,o B = Organic carbon content (g/kg) on basis of air-dried soil 
 mB1B = Mass (g) of test portion 
 mB2B  = Mass (g) of released CO B2 
B B0.2727 = Conversion factor for CO B2B to C 
 
UIndirect determination of organic carbon content 
The total carbon content (on basis of air-dried soil) is obtained by :  
 

2727.01000
1

2
××=

m
mwC,t  

where 
 wBC,tB = Total carbon content (g/kg) on basis of air-dried soil 
 mB1B = Mass (g) of test portion 
 mB2B   = Mass (g) of released COB2 
B B0.2727  = Conversion factor for CO B2B to C 
 
Calculate the organic carbon content of the sample using a correction for carbonates. The 
organic carbon content (on basis of air dried soil) is calculated by: 
 

)12.0( 3,, CaCOtCoC www ×−=  
 
where 
 wBC,oB = Organic carbon content (g/kg) on basis of air-dried soil 
 wBC,tB  = Total carbon content (g/kg) on basis of air-dried soil 
B B0.12  = Conversion factor  
 wBCaCO3B  = Carbonate content (g/kg) on basis of air-dried soil 
 

Reference 

ISO 10694. 1995. Soil Quality – Determination of organic and total carbon after dry 
combustion (elementary analysis). International Organization for Standardization. Geneva, 
Switzerland. 7 p. (available at Uwww.iso.chU) 
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7.5.  Hot Water Carbon – HWC 
 
 
Principle 
 
Hot-water C (HWC) is a subset of the soil organic C pool which correlates strongly with 
microbial biomass. HWC, as a labile fraction of SOC, is an integrated measurement which 
correlates with key biological and physical attributes of soils. In comparison to other 
measurements, HWC determination is considerably easier, economic and less time 
consuming (Ghani et al. 2002). 
 
A suspension of an oven-dry soil sample in deionized water (1:5 w:v) is extracted in hot 
water (70°C)  for 16 hours. During the heating and cooling phase the suspension is capped 
to avoid volatilisation. When cooled down till room temperature, the suspension is 
centrifugated for 15 minutes at 4000 r/min. After decantation C is measured in the 
supernatant using a TOC analyser. 
 
 
Apparatus 
 
Analytical balance (accuracy 0.0001 g) 
Hot-water bath (capable of heating at 70 °C) 
Falcon tubes (PP)  50 ml volume with caps 
Total Organic Carbon (TOC) analyser 
Dispensette 
Centrifuge  
Ash-free Fioroni filter (125 mm diameter) 
 
Reagents 
 
Potassiumhydrogenphtalate 
Sodiumhydrogencarbonate 
Sodiumcarbonate (waterfree) 
Ortho phosphoric acid (25%) 
Deionized water 
 
Procedure 
 
USample preparation 
Transfer 5 g oven-dried soil (fraction < 2mm) to a centrifuge tube (Falcon tube 50 ml) and 
add 25 ml of deionized water. 
Place the capped tube in a water-bath at 70 °C for 16 hours. Allow to cool down till room 
temperature without removing the caps. 
After cooling, centrifuge the soil suspension for 15 minutes at 4000 rpm.  
Decant the sediment-free supernatant carefully onto an ash free Fioroni filter paper, 
collecting the filtrate in another clean Falcon tube or flask.  
Analyse this extract using a TOC or CN total analyzer. 
 
 
 
 
USample measurement 
Measure TC (total carbon) and TIC (inorganic carbon) with the TOC analyser. 
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Calculation 
 
 

HWC = (TC-TIC)* v / m 
 
where   

HWC = Hot Water Carbon (µg g P

-1
P) 

TC = Total Carbon measured (µg gP

-1
P) 

TIC = Total Incorganic Carbon measured (µg g P

-1
P) 

m = mass of sample (g) 
v = volume of dioinized water (ml) 

 v/m = extraction ratio of 5 g soil in 25 ml water 
 
 
References 
 
Ghani A., Dexter, M. & Perrott, K.W. 2003. Hot-water extractable carbon in soils: a sensitive 
measurement for determining impacts of fertilisation, grazing and cultivation. Soil Biology & 
Biochemistry 35: 1231-1243.  
 
Scheuner E.T  & Makeshin F. 2005. Impact of atmospheric nitrogen deposition on carbon 
dynamics in two Scots pine forest soils of Northern Germany. Plant and Soil 275: 43-54. 
 
Sparling G., Vojvodic-Vukovic M. & Schipper, L.A. 1998. Hot-water soluble C as a simple 
measure of labile soil organic matter: the relationship with microbial biomass C. Soil Biology 
& Biochemistry vol30 no10/11: 1469-1472. 
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8.  Abbreviations 

 
AWCD  Average Well Colour Development 
 
CFU   Colony Forming Units 
 
CLPP   Community Level Physiological Profiling 
 
CBmic B   Microbial Carbon 
 
EP   Ecophysiological profiling 
 
HWC   Hot Water extractable Carbon 
 
MANOVA  Multivariate Analysis of Variance 
 
NAD   Nicotinamide adenine dinucleotide 
 
OD   Optical density (of the Ecoplate wells); also OD B590B 

 
PCA   Principle Component Analysis  
 
ROC   Recalcitrant Organic Carbon 
 
RSD   Relative standard deviation 
 
TIC   Total Inorganic Carbon 
 
TOC   Total Organic Carbon 
 
WBC   Walkley and Black Carbon 
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9. Appendices 
 
9.1. Research sites 
 
 
Pre-Screening sites 
 

CodeP

1
P
 SiteP

2
P
 LbxP

3
P
 LbyP

3
P
 Elev aslP

4
P
 LanduseP

5
P
 Type P

6
P
 HumidclP

7
P
 TexclP

8
P
 SoilBelP

9
P
 SoilFAOP

10
P
 PollstatusP

11
P
 TreespP

12
P
 OldforP

13
P
 FAclP

14
P
 

PS1 CS3 De Inslag 160579 221923 16 forest coniferous moist light Zdg PZg not polluted Pisy 0 23 
PS2  Arduinbos 115500 160300 54 forest coniferous dry light Pbc ABd not polluted Pinc 0 14 
PS3 CS1 Het kamp 166254 219567 18 forest coniferous moist light Zdg PZg not polluted Pisy 0 23 
PS4  Beerlegem 104679 177940 61 forest coniferous moist heavy wLba CMd not polluted Piab 0 44 
PS5 CS9 Withoefse heide 155686  229160 25 forest coniferous moist light Zcg PZc not polluted Pisy 0 44 
PS6 CS14 Zoniën 153133 159579 118 forest deciduous dry heavy Abc PDd not polluted Fasy 1 11 
PS7 CS52 Wijnendale 56680 195812 23 forest deciduous wet light Pep FLe not polluted Posp 1 11 
PS8 CS25 Oude Mombeek 217343 175660 34 forest deciduous wet heavy Efp FLe not polluted Posp 0 44 
PS9  Elst 106204 167512 95 agriculture pasture dry heavy Aba LVh not polluted none 0 0 
PS10  Elst 106184 167451 96 agriculture cropland dry heavy Aba LVh not polluted none 0 0 
PS11  Meigem part 37 92207 190357 10 landfill deciduous moist heavy OT FL polluted Acps 0 44 
PS12  Meigem part 16 92180 190516 9 landfill pasture moist heavy OT FL polluted none 0 44 
PS13  Meigem part 34 92243 190431 10 landfill deciduous moist heavy OT FL not polluted Acps 0 44 
PS14  Meigem part 21 92147 190618 10 landfill pasture moist heavy OT FL not polluted none 0 44 
PS15 CS56 Schorisse 102088 163040 90 forest deciduous dry heavy Lba LVh not polluted Quro 0 14 

 
UDescription of column headings: 
1. Plot codes for pre-screening (PS) and case study (CS); 2. Local name of site/stand; 3. Belgian Lambert 72 metric coordinates (X-Y); 4. Elevation (m) above 
sea level; 5. Type of landuse; 6. Forest type or agricultural use; 7. Soil humidity class based on groundwater depth [highest groundwater level (cm) dry: > 100 
cm, moist: 50-100 cm and wet < 50 cm]; 8. Texture class: [light : sandy loam or coarser, heavy: loam or finer]; 9. Belgian soil classification serie; 10. FAO 
legend soil serie; 11. Pollution status (heavy metals); 12. Main tree species when forest [Pisy: Pinus sylvestris; Pinc: Pinus nigra Corsicana; Piab: Picea abies; 
Fasy: Fagus sylvatica; Posp: Populus species (hybrids); Acps: Acer pseudoplatanus; Quro: Quercus robur]; 13: Old forest [forest since 1775: 1: yes – 0 no]; 
14: Forest Age Class [11: Permanently afforested since 1775; 14: Permanently afforested since 1775 or afforested between 1775 and 2000; 23: Afforested 
between 1775 and 1850 or between 1850 and 1909-1940; 44: Afforested after 1909-1940] 
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Case study sites 
 
CSP

1
P
 Forest SiteP

2
P
 LbxP

3
P
 LbyP

3
P
 Standtype P

4
P
 TreespP

5
P
 TextureP

6
P
 HumidclP

7
P
 Humustype P

8
P
 HumqualP

9
P
 SonianP

10
P
 OldforP

11
P
 

1 Het Kamp 166254 219567 coniferous Pisy sand moist grascomplex 0 0 0 
2 Beerse Heide 182621 220122 coniferous Pisy sand moist grascomplex 0 0 0 
3 Inslag 160578 221923 coniferous Pisy sand moist mor 1 0 0 
4 Walenbos 185775 179718 deciduous Quro sandy loam moist dysmoder 2 0 0 
5 Koolhembos 146162 196096 deciduous Algl silt loam wet mesomull 8 0 1 
6 Muizenbos 163801 209726 deciduous Frex silt loam wet eumull 9 0 1 
7 Edingenbos 130025 156340 deciduous Frex silt loam moist oligomull 7 0 1 
8 Burreken 103237 166465 deciduous Quro clay loam moist oligomull 7 0 0 
9 Withoefse Heide 155686 229160 coniferous Pisy loamy sand moist mor 1 0 0 

10 Withoefse Heide 155689 229362 coniferous Pisy loamy sand moist grascomplex 0 0 0 
11 Sevendonck 189289 218445 deciduous Quro sandy loam wet dysmoder 2 0 0 
12 Kapellebos 185472 173800 deciduous Quro silt loam moist dysmoder 2 0 1 
13 Meerdaalwoud 173801 165020 deciduous Quro silt loam dry dysmoder 2 0 1 
14 Sonian 153133 159579 deciduous Fasy silt loam dry mor 1 1 1 
15 Hallerbos 145333 155056 deciduous Fasy silt loam dry mor 1 0 1 
16 Sonian 153561 161678 deciduous Quro silt loam dry mor 1 1 1 
17 Sonian 153544 161563 deciduous Cabe silt loam dry mor 1 1 1 
18 Sonian 153939 159879 deciduous Fasy silt loam dry mor 2 1 1 
19 Meerdaalwoud 172083 166428 deciduous Bepe loam dry grascomplex 0 0 1 
20 Meerdaalwoud 173599 166897 deciduous Fasy silt loam dry eumoder 3 0 1 
21 Brakelbos 104509 162914 deciduous Fasy loam moist mor 1 0 1 
22 RTT-domein 132163 172896 deciduous Besp silt loam moist dysmoder 2 0 1 
23 Pijnven 216417 206964 coniferous Pinc sand dry mor 1 0 0 
24 Heiderbos 234025 191817 coniferous Pisy loamy sand dry dysmoder 2 0 0 
25 Oude Mombeek 217343 175660 deciduous Posp silty clay loam wet eumull 9 0 0 
26 Gellikerheide 235002 176836 coniferous Pisy loamy sand moist mor 1 0 0 
27 Gellikerheide 236972 181699 coniferous Pisy loamy sand dry grascomplex 0 0 0 
28 Pijnven 217420 207707 coniferous Pinc loamy sand dry mor 1 0 0 
29 Grootbroek-Bree 242701 207255 deciduous Bepu loam wet mor 1 0 0 
30 Grootbroek-Bree 242744 207511 deciduous Bepu loam wet hydromoder 3 0 0 
31 Lanklaarderbos 239984 188169 mixed Bepe sandy loam dry hemimoder 4 0 1 
32 Paddepoelebos 84054  214289 deciduous Quro sandy loam moist eumoder 3 0 1 
33 Zandputten 118719 185584 deciduous Quro silt loam moist dysmoder 2 0 1 
34 Kenisberg-Kruisberg 201042 190070 coniferous Pisy loamy sand moist mor 1 0 1 
35 Aelmoeseneie 110316 185153 deciduous Quro silt loam moist eumoder 3 0 1 
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36 Aelmoeseneie 110278 185123 deciduous Frex silt loam wet eumull 9 0 1 
37 Buggenhoutbos 138494 187326 deciduous Fasy silt loam wet mor 1 0 1 
38 Neigembos 128517 166915 deciduous Fasy loam dry dysmoder 2 0 1 
39 Neigembos 128557 166875 mixed Besp silt loam dry dysmoder 2 0 1 
40 Parikebos 109715 163608 deciduous Posp silt loam wet mesomull 8 0 0 
41 Kluisbos 88748  161732 deciduous Fasy silt loam dry dysmoder 2 0 1 
42 Het Leen 94310  206137 deciduous Quro sandy loam moist dysmoder 2 0 1 
43 Bos Ter rijst 102009 162997 deciduous Quro silt loam wet dysmull 6 0 1 
44 Raspaille bos 119365 162412 deciduous Casa silt loam dry amphimull 5 0 1 
45 Drongengoed 86058  204756 mixed Quro loam wet hemimoder 4 0 1 
46 Wijnendale 56654  196350 deciduous Fasy sandy loam moist mor 1 0 1 
47 Houthulstbos 51079  185514 deciduous Quro loam wet dysmoder 2 0 1 
48 Nieuwenhoven 71122  203588 deciduous Quro sandy loam moist hemimoder 4 0 0 
49 Vorte Bossen 80102  195944 deciduous Quro loam wet dysmoder 2 0 1 
50 Helleketelbos 30423  171066 deciduous Quro silt loam moist dysmoder 2 0 1 
51 Wijnendale 57266 195585 deciduous Quro silt loam moist dysmoder 2 0 1 
52 Wijnendale 56680 195812 deciduous Posp sandy loam wet anmoor 1 0 1 
53 Vorte Bossen 80044 196049 deciduous Quro silt loam wet hemimoder 4 0 1 
54 Brakelbos 104514 163002 deciduous Posp silty clay loam wet mesomull 8 0 1 
55 Edingenbos 129635 156188 deciduous Quro silt loam moist oligomull 7 0 1 
56 Bos Ter rijst 102088 163040 deciduous Quro silt loam dry dysmoder 2 0 0 
57 Rodebos 167289 161581 coniferous Pinc loamy sand dry eumoder 3 0 1 
58 Rodebos 167734 162572 deciduous Quro silt loam moist mesomull 8 0 1 
59 Rodebos 167356 162142 deciduous Quro silt loam moist hemimoder 4 0 1 
60 Meerdaalwoud 171402 165687 deciduous Quro silt loam dry mor 1 0 1 
61 Asbroek 157559 215950 deciduous Algl sandy loam wet amphimul 5 0 0 
62 Peerdsbos 158006 218099 deciduous Quro sandy loam wet mor 1 0 1 
63 Vordenstein 158438 216678 deciduous Fasy sandy loam moist mor 1 0 1 
64 Laarse beek 158592 219015 deciduous Quro sandy loam wet eumoder 3 0 0 
65 Laarse beek 158514 219095 mixed Quro sandy loam moist dysmoder 2 0 0 
66 Inslag 161143 222271 deciduous Quro loamy sand wet mor 1 0 0 
67 Bruinbos 104195 182723 deciduous Quro sandy loam moist mor 1 0 1 
68 Bruinbos 104771 182776 deciduous Quro sandy loam wet mor 1 0 1 
69 Makegem Huisdonk 104756 183402 deciduous Fasy sandy loam moist mor 1 0 1 
70 Makegem Heilig Geestgoed 105079 182240 deciduous Fasy loam moist mor 1 0 1 
71 Edingenbos 130048 155752 deciduous Quro silt loam moist oligomull 7 0 1 
72 Edingenbos 130451 155156 deciduous Acps silt loam moist mesomull 8 0 1 
73 Edingenbos 129633 156266 deciduous Posp silt loam moist mesomull 8 0 1 
74 Edingenbos 129889 156470 deciduous Posp silt loam moist mesomull 8 0 1 
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75 Hallerbos 144751 154902 deciduous Quro silt loam dry mor 1 0 1 
76 Sonian 156469 166071 deciduous Fasy silt loam dry dysmoder 2 1 1 
77 Sonian 158119 165216 deciduous Fasy silt loam dry dysmoder 2 1 1 
78 Sonian 157141 165080 deciduous Fasy silt loam dry dysmoder 2 1 0 
79 Sonian 156994 164907 deciduous Fasy silt loam dry mor 1 1 0 
80 Sonian 152567 163629 deciduous Fasy silt loam dry dysmoder 2 1 0 
81 Sonian 154245 162405 deciduous Fasy silt loam dry mor 1 1 1 
82 Sonian 156363 160406 deciduous Fasy silt loam moist dysmoder 2 1 1 
83 Sonian 155062 159271 deciduous Fasy silt loam dry dysmoder 2 1 1 
84 Sonian 153862 159268 deciduous Fasy silt loam dry dysmoder 2 1 1 
85 Sonian 154488 158287 deciduous Fasy silt loam moist dysmoder 2 1 0 

 
UDescription of column headings: 

1. Plot code Case study (CS-number); 2. Local name of forest; 3. Belgian Lambert 72 metric coordinates (X-Y); 4. Stand type (deciduous, coniferous or 
mixed); 5: Main tree species [Acps: Acer pseudoplatanus ;Algl: Alnus glutinosa; Bepe: Betula pendula; Besp: Betula species; Bepu: Betula 
pubescens; Cabe: Carpinus betulus; Casa: Castanea sativa; Fasy: Fagus sylvatica; Frex: Fraxinus excelsior; Piab: Picea abies; Pinc: Pinus nigra 
Corsicana; Pisy: Pinus sylvestris; Posp: Populus species (hybrids); Quro: Quercus robur]; 6. USDA soil texture of the topsoil; 7. Soil humidity class 
based on groundwater depth [highest groundwater level (cm) dry: > 100 cm, moist: 50-100 cm and wet < 50 cm]; 8. Humustype according to Jabiol et 
al. (1995); 9. Humusindex m Ponge et al (2002); 10. Site belonging to the Sonian forest complex (1) or not (0); 11. Old forest [forest since 1775: 1: yes 
– 0 no]; 

 
 






