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ABSTRACT: This paper presents data on 

temporal and spatial variability and ecological in-
teractions of bacteria in a Scottish woodland over 
a winter – spring period (January – April). The 
study sites covered an area of 1 ha and a range of 
woodland habitats formed by beech (Fagus silvat-
ica), birch (Betula pendula × pubescens) and oak 
(Quercus petraea), as well as (one site) a clearance 
site covered with grass (predominantly Holcus la-
natus). Subsamples of fresh litter were fragmented 
for 60 s in a domestic food processor and were 
subsequently used to estimate the abundance of 
bacteria by counting under a fluorescent micro-
scope. The preparation of bacterial slides involved 
staining with DTAF following extraction in phos-
phate buffer. The data on protozoa, fungi and 
microinvertebrates were available from parallel 
research and were obtained using standard meth-
ods. Numbers of bacteria appeared to be lower 
in sites dominated by beech. The highest average 
bacterial abundance (9.07 × 108 cells g–1 dry lit-
ter) was registered in January, and then gradually 
declined till March, when the lowest (7.37 × 108 
cells g–1 dry litter) value was found, before rising 
again in April. The only significant difference 
revealed by one-way ANOVA was between Janu-
ary and March results. Both date and site effects 
were found to be significant by two-way ANOVA, 
but the date × site interaction was not significant.  
A number of significant relationships were regis-
tered by stepwise regression analysis, ANCOVA, 
and correlation analysis. In stepwise regression 

analysis, the most important predictor for bacte-
rial density was litter moisture content (all months 
but March). Further significant relationships were 
revealed with the abundance of fungi, nematodes, 
and microarthropods, and forest litter fractions of 
moss, needles, beech seeds and birch leaves. AN-
COVA confirmed the importance of interactions 
with litter composition and moisture content, and 
the abundance of fungi and microarthropods, 
and revealed a relationship with the abundance of 
ciliates. Correlation analysis for separate months 
revealed various relationships with forest litter 
composition (including positive – with forest litter 
fractions of oak leaves, grass, roots, birch leaves, 
and negative ones – with forest litter fractions of 
ferns and seeds), and the abundance of other mi-
crobiota, including positive with Folsomia candi-
da (Insecta, Apterygota, Collembola), fungi, plant 
and microbial feeding nematodes, tardigrades and 
enchytraeids, positive and negative with ciliates, 
and negative with predatory nematodes. Most of 
these relationships, plus a further correlation with 
the abundance of amoebae, were also revealed 
for the combined dataset. It should be noted that 
some of these interactions (e.g. with % grass,  
% roots, the density of Folsomia candida) were 
only revealed by correlation analysis, and may 
therefore be judged as less important than re-
lationships registered by all statistical methods 
applied. The results of this study highlighted the 
complexity of multivariate interactions of bacteria 
in forest litter. 
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1. INTRODUCTION

Forest litter bacteria are especially im-
portant for completion of organic matter 
mineralization (Di l ly  et al. 2001), which 
often starts from the fungal stage (Ponge 
1991). Bacterial contribution to the decom-
position process is complementary to that 
of other microbiota (Kurihara  and Kik-
kawa 1986). A number of previous studies 
have examined bacterial interrelations with 
the abundance and/or activity of other biota, 
e.g. fungi (Ohtonen  et al. 1992, Sidorova 
and Vel ikanov 1997, Zhang and Z ak 
1998, Mol ler  et al. 1999, Okoh  et al. 2000) 
fungi and forest litter composition (Kshat-
tr iya  et al. 1994), fungi and actinomycetes 
(Golovchenko and Polyanskaya 1996, 
Alekhina  et al. 2001), fungi and nematodes 
(Mikola  and Sulkava 2001), fungi and 
microarthropods (Okoh  et al. 1999), fungi 
and protozoa (Gri f f iths  et al. 2001), fungi, 
algae, testate amoebae and microarthropods 
(Frouz  et al. 2001). However, it seems that 
field research on forest litter bacteria quan-
titatively assessing the whole complex of 
ecological interactions with the abundance 
and/or activity of fungi, protozoa (flagel-
lates, ciliates, amoebae), nematodes, micro-
arthropods, and forest litter composition is 
not common. Furthermore, ecological in-
teractions of soil and forest litter microbiota 
(including bacteria) during colder seasons 
are particularly understudied, partly due to 
the assumption that the relationships during 
the colder periods are negligible owing to the 
subdued biological activity. However, despite 
a decrease in biological activity, it does not 
stop completely, and valuable investigations 
of soil and litter microbiota have previously 
been carried out in the conditions of winter, 
subzero temperatures and/or snowcover, in-
cluding those which are far more challenging 
than the conditions in the Scottish Borders 
(Aitchison 1983, Evens  1992, Kennedy 
1993, 1999, Block  et al. 1994, Itoh 1994, 
Kopeszki  and Trockner  1994, Olear  and 
S eastedt  1994, L avy and Verhoef  1996, 
Hopkin 1997, Hodkinson  et al. 1998, 

Castr i l lo  et al. 2001, Robinson 2001, Ley 
and S chmidt  2002, Panicker  et al. 2002, 
Z ette l  et al. 2002). 

This paper presents the results of a field 
study focusing on ecological interactions of 
bacteria in forest litter of the Heron Wood 
Reserve (Peebleshire, UK – 55o34’N, 3o49’W) 
over a winter-spring period. The litter fall in 
a temperate woodland normally happens in 
the autumn, and is largely complete by the 
end of December. Therefore, January was the 
best time to start the sampling, in order to 
avoid the risk of results being influenced by 
changes in litter cover. On the other hand, 
in late April–May the ground (particularly 
in birch and mixed plots) may become cov-
ered with a new growth of herbaceous plants, 
which may influence the interactions ob-
served. For these reasons the study was car-
ried out over the January till April period. 

2. STUDY AREA, MATERIAL 
AND METHODS

The Heron Wood reserve (Peeblesshire, 
Scotland) is part of the Dawyck Botanic 
Garden situated on the Silurian rock system 
characteristic of the Scottish Borders. It lies 
on a NW slope of a hill covered with shal-
low stony soils, which are acidic and almost 
lime free. Typical soil acidity is pH 3–4 and 
typical soil organic content is 10–20%. The 
climate is characterised by low temperatures 
occurring between November and mid-
March (e.g. in December as low as – 18oC). 
The average daily air temperatures (mea-
sured by a small meteorological station situ-
ated approximately 400 m from the site) for 
the investigation period were 4.2, 4.0, 3.4 and 
8.2oC for January, February, March and April 
respectively. The average rainfall for these 
months was 3.1, 4.4, 2.2 and 2.9 mm respec-
tively. The previous research at the site was 
related to the ecology of fungi (Kr ivtsov 
et al. 2003c, Kr ivtsov  et al. 2004a), proto-
zoa (Krivtsov  et al. 2003a), nematodes and 
microarthropods (B ezginova  et al. 2001, 
Kr ivtsov  et al. 2001a, 2003b, Thompson 
et al. 2001) and overall ecosystem function-
ing (Krivtsov  et al. 2002, 2004b, Walker  
et al. 2002).

Within the reserve an area of 1 hectare 
has been designated for the research. In each 
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quarter of this site two smaller sites 100 m2 

in size have been designated, making 8 in 
total. The sites covered a range of woodland 
habitats dominated by beech (Fagus silvatica) 
(plot 1), beech with some birch (Betula pen-
dula × pubescens) (plot 8), birch (plots 5,6), 
mixed vegetation – beech and birch (plot 
2), birch and oak(Quercus petraea) (plot 3), 
birch, oak and beech (saplings) (plot 7), and 
a clearance covered with grass, predomi-
nantly Holcus lanatus (plot 4). Composi-
tion of the forest litter samples reflected the 
predominant vegetation. In particular, birch 
leaves were most abundant at sites 5 and 6, 
while seeds (the fraction dominated by heavy 
beech seeds) and beech leaves at site 1, and 
grass at site 4 respectively. The litter collect-
ed was relatively wet, with mean moisture 
content of 74.4 % fw. Moisture content ap-
peared to have a slight tendency to decrease 
throughout the research period (Table 1), 
with January values (mean = 75.7%) being 
significantly (P = 0.033) different from April 
values (mean = 72.2%). 

Monthly sampling of forest floor con-
sisted of 32 samples (8 plots, four replicates 
from each plot) taken on each sampling oc-
casion from points chosen randomly along 
the border of each plot. Samples were taken 
in January, February, March and April. Each 
sample was collected from an area of approx-
imately 10 × 15 cm using a plastic frame. In 
the laboratory samples were hand sorted, 
and the sample composition was assessed by 
measuring the weight of specific fractions. 
The samples predominantly consisted of for-
est litter, and the major fractions included 
beach leaves, birch leaves, oak leaves, conifer 
needles, lichens, moss, grass, seeds, wood, 
roots, and unidentifiable (i.e. owing to the 
stage of the decomposition) plant fragments. 
Five grams from each sample were taken for 
nematodes analysis (see below), whilst the 
remaining litter was split into three aliquots 
subsequently used for a) measurements of 
moisture content, b) analysis of bacteria, 
fungi and protozoa following shredding,  
c) analysis of microarthropods.

Moisture content of the litter samples 
was determined as the weight loss following 
drying for 48 hr at 80oC. Weight of sample 
provided an index of the thickness of the lit-
ter cover. Subsamples of fresh litter (1/3 of 

the sample left after removing 5g for nema-
todes analysis) were fragmented for 60 s in 
a domestic food processor (Thompson  et 
al. 2001), and were subsequently used to es-
timate the abundance of bacteria by counting 
under a fluorescent microscope. The prepa-
ration of bacterial slides involved staining 
with DTAF following extraction in phos-
phate buffer (Alef and Nannipieri 1995). 

For statistical analysis the data on fungi 
and microbiota already partly published were 
used (Krivtsov et al. 2002, 2003a, b, 2004a). 
The data on protozoa, fungi and microinver-
tebrates were obtained using standard meth-
ods. Subsamples of litter fragmented for 60 s 
were used to assess the abundance of fungi 
and protozoa. Concentration of ergosterol,  
a biomarker for total live fungal biomass, was 
assayed by HPLC following sonication (Ru-
zicka  et al. 1995). The abundance of pro-
tozoa was assessed using the MPN method 
(Bamforth 1995). Microarthropods were 
extracted from known quantities of un-
fragmented forest litter using Tullgren fun-
nels and counted under a light microscope 
(S outhwood 1978). Nematodes, enchy-
traeids and tardigrades were counted under  
a light microscope following extraction us-
ing Baermann funnels from litter fragment-
ed for 5 seconds (B ezginova  et al. 2001, 
Thompson  et al. 2001). The basic data for 
the above litter variables (litter composition, 
litter moisture, abundance of organisms are 
given in Table 1).

3. RESULTS AND DISCUSSION

Numbers of bacteria appeared to be lower 
in sites covered by beech. The overall results 
(Fig. 1) show a gradual decline in numbers 
from January when they were the highest 
(9.07 × 108 cells g–1 dry litter) to March when 
they were the lowest (7.37 × 108 cells g–1 dry 
litter) before rising again in April. It should 
be noted, that the only significant difference 
revealed by one-way ANOVA was between 
January and March results. However, both 
date and site effects were found to be signifi-
cant by two-way ANOVA, although the date 
× site interaction was not significant (Fig. 1).

The data presented here show high num-
bers of bacteria which is in line with data 
from other studies. For instance, in a study 
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of an alpine ecosystem, L ipson et al. (1999) 
found that soil bacteria ranged from 108 to 
109 cells per g dwt, and were higher during 
the winter (i.e. in comparison with summer 
values) under the snow cover. Samples of the 
upper 1–2 cm of arctic soil were reported 
(Brown et al. 1980) to have 4.6–8.3 × 109 
bacteria per g dwt. High bacterial numbers 
were also obtained in the experiments con-
ducted with the materials from the upper 
layers of the soil profile sampled at the Cen-
tral Forest Reserve in Russia (Alekhina et 
al. 2001). 

In our study, bacteria showed minimum 
values in March (Fig. 1). It should be noted 
that both temporal and spatial variation in 
bacterial numbers appeared to be limited 
(Fig. 1). However, one-way ANOVA revealed 
a significant difference between January and 
March results, whilst both date and site ef-
fects were found to be significant by two-way 
ANOVA, suggesting that ecological interac-
tions of forest litter bacteria have been in-
fluenced both by habitat characteristics and 

by the month of sampling. Previous research 
(see, e.g. L ipson et al. 1999, and references 
therein) also showed a sudden drop in bacte-
rial numbers just before the start of the plants 
growing season.

In stepwise regression analysis the most 
important predictor for bacteria was mois-
ture content of forest litter (Table 2). Impor-
tance of the moisture content for microbiota 
is well known (Ruther ford and Juma 
1992). Fungi were also among important 
predictors describing bacterial abundance 
indicating that both decomposer groups were 
influenced by the same factors, presumably 
relating to the weather and resource qual-
ity. Bacteria also appeared to be negatively 
dependent on the abundance of predatory 
nematodes, mesostigmatic mites and other 
microarthropods, (Table 2) thus indicating 
that bacterial numbers might have been con-
trolled by microinvertebrates through diges-
tion of detritus (Kurihara  and Kikkawa 
1986). It should be noted, however, that both 
predatory nematodes and mesostigmatic 
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Fig. 1. Temporal changes in mean (for 8 plots) bacterial numbers in forest litter. 
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mites include the groups which prey on the 
detritivorous groups. Therefore, the presence 
of these groups might have a positive effect 
on the abundance of bacteria. Furthermore, 
the digestion of detritus by microarthropods 
might lead to the enhancement of bacterial 
activity, and may not always lead to a de-
crease in bacterial abundance (Gri f f iths 
and Bardgett  1997). The negative relation-
ships might have been indirect, resulting 
from the habitat preferences of microinver-
tebrates. Our previous research carried out at 
the site studied indicated that the abundance 
of bacteria and the moisture content were the 
most important variables with regard to the 

structure of the soil mesofaunal community 
(Kr ivtsov  et al. 2003b).

The results of stepwise regression analy-
sis have also revealed that bacteria were neg-
atively dependent on the forest floor frac-
tions of moss, conifer needles, and positively 
on birch leaves and beech seeds (Table 2). 
These relationships might have been indica-
tive of the relative quality of these resources 
in relation to bacterial decomposition (see, 
however, ANCOVA results in relation to the 
percent of birch leaves in forest litter). 

Bacteria have previously been shown to 
be a significant predictor in the stepwise re-
gression models for fungi, thus supporting 

Table 2. Summary of correlations, stepwise regressions and ANCOVA analyses for forest litter vari-
ables. For all analyses, exact figures are given where a significant result was obtained on the overall data 
set, whilst relationships found for only part of the research period are indicated by + or – for positive 
and negative relationships respectively. Sample (n) = 32 for each month, and sample (n) = 128 for the 
combined (overall) data set. For Spearman correlation analysis, figures represent values of correlation 
significant at 95% probability level (two tailed significance P ≤ 0.05). For stepwise regression analysis 
and ANCOVA, figures represent regression coefficients followed by T-ratios. 

Correlation Analysis Stepwise Regression Analysis ANCOVA
Relationships with Microbiota

Amoebae 0.24
Ciliates 0.21 0.04; 0.04
Folsomia candida 0.31
Fungal ergosterol 0.43 1.14 (3.95) 1.08; 0.001
Meostigmatic mites – +
Microbial Feeding Nematodes +
Other microarthropods –
Plant Feeding Nematodes +
Predatory Nematodes – –
Total nematodes +
Tardigrades and enchytraeides +

Relationships with other variables
Birch leaves 0.26 + –12.5; 0.02
Ferns –
Grass 0.24
Litter thickness index –0.88; 0.04
Moisture content 0.66 25.2 (8.7) 29.9; <0.001
Moss –
Needles –120 (–3.21)
Oak leaves 0.27
Roots +
Site 0.02
Seeds –0.23 +
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the results presented here (Kr ivtsov  et al. 
2002). Both fungi and bacteria are important 
agents of forest litter decomposition (Kuri-
hara  and Kikkawa, 1986), and the positive 
relationship between them may therefore 
indicate their simultaneous involvement in 
the decomposition of palatable materials 
(Table 2). 

It should be noted that previous micro-
cosm experiments with beech leaf litter indi-
cated a possibility of antagonistic interactions 
between fungi and bacteria due to compe-
tition for nutrients (Mol ler  et al. 1999). 
However, considering the results of statisti-
cal analysis (e.g. the absence of negative in-
teractions), it appears that during the period 
of this research at the site studied, bacterial 
abundance in the forest litter was not con-
siderably influenced by competitive inter-
actions with fungi. The relative importance 
of fungi and bacteria in the overall metabo-
lism of the microbial community and litter 
decomposition is known to vary with forest 
type (E l l iott  et al. 1993), and with a stage 
of decomposition (Di l ly  et al. 2001). For 
example, fungi and bacteria were important 
at different stages of leaf litter decomposition 
in an alder (Alnus glutinosa) forest (Di l ly  et 
al. 2001). It should be noted that in the pres-
ent study composite litter samples included 
materials at various degrees of degradation, 
which might have masked the real strength 
of any fungal-bacterial interactions.

It should also be noted that in our par-
allel investigations bacteria were also found 
to be a significant predictor for stepwise re-
gression models describing the abundance 
of microbial feeding nematodes and ciliates, 
whilst the results of stepwise regression 
analysis presented in this paper have not 
revealed the reciprocal relationships. This 
suggests that the relationships of bacterial 
abundance with the abundance of microbial 
feeding nematodes and ciliates registered in 
the parallel research might have indicated 
attraction of predators to their prey, whilst 
the numbers of these particular preda-
tors were insufficient to influence to any 
great extent the bacterial abundance. We 
have previously (Kr ivtsov et al. 2003b) 
shown that non-predatory nematodes ap-
pear to prefer a high level of bacteria in 
the habitat studied. It is also well known 

that protozoa are the important consum-
ers of microbial biomass (Clarholm 1981, 
Hunt  et al. 1987). It is well documented 
that bacteria can persist even in the pres-
ence of active grazers, and that feeding by 
protozoa and nematodes results in activ-
ity in the observed microbial community 
(Gri f f iths  and Bardgett  1997, Acea and 
Alexander  1988, Heynen et al. 1988). 
The persistence of bacteria is explained by 
their compensatory reproduction (Samba-
nis  and Fredr ickson 1988), and by the 
fact that the predator’s population growth 
is negligible once bacterial numbers fall be-
low a threshold density (Sherr  et al. 1983). 
However, relationships between bacteria and 
their predators are complicated (S chön-
born 1992), and it was previously shown 
that the abundance data may correlate more 
with such factors as the rate of decompo-
sition and content of organic matter, than 
between themselves (Stout  1973). 

The results of ANCOVA analysis were 
broadly consistent with the pattern revealed 
by Stepwise Regression Modelling (Table 
2). In particular, ANCOVA confirmed the 
importance of moisture content in deter-
mining bacterial population abundance and 
revealed that the abundance of ciliates and 
forest litter fungal ergosterol content were 
among important predictors for bacterial 
abundance, while mesostigmatic mites ap-
peared to control bacterial abundance in  
a part of the research period. However, this 
relationship might have been indirect, re-
sulting, in part, from habitat preferences. 
It should also be noted that ANCOVA on 
the combined data showed negative depen-
dence of bacterial abundance on the thick-
ness of the litter layer and on the percent of 
birch leaves, which was not registered by the 
stepwise regressions.

The relationships found by the corre-
lation analysis may be subdivided into the 
following categories. The first category com-
prises correlations between bacteria and lit-
ter components (reflecting association with 
particular types of forest litter). The second 
category comprises positive and negative 
correlations with biological variables reflect-
ing similarities and differences in the occur-
rence of bacteria and other biological groups 
studied (Table 2).
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Correlation analysis revealed various re-
lationships with litter composition (includ-
ing positive – with percentages of oak leaves, 
grass, roots, birch leaves in the forest floor 
samples, and negative ones with percentages 
of ferns and seeds) (Table 2). 

Positive values of the Spearman correla-
tion coefficient (e.g. with % of birch leaves) 
indicate that higher abundance of bacteria 
corresponded to higher values of the variable 
in question, whilst lower values – to lower 
values of this variable. Negative values of the 
correlation coefficient (e.g. with % of fern 
fragments) indicate that higher abundance of 
bacteria corresponded to lower values of the 
variable in question, and vice versa (Table 2). 
Relationships with specific litter fractions are 
due to the fact that bacteria are important 
agents of decomposition (Kurihara  and 
Kikkawa 1986), and their relative contribu-
tion varies with forest litter type (El l iott  et 
al. 1993), and with a stage of decomposition 
(Di l ly  et al. 2001). 

As regards microfauna, positive relation-
ships were registered with the abundance of 
amoebae, plant and microbial feeding nema-
todes, tardigrades and enchytraeid worms, 
and Folsomia candida, while a negative cor-
relation with predatory nematodes was re-
vealed (Table 2). 

It should be noted that some relation-
ships (e.g. with percentages of grass and 
roots, and the abundance of Folsomia can-
dida) were only revealed by correlation 
analysis, and may therefore be judged as, 
perhaps, less important than relationships 
registered by a combination of the statistical 
methods applied. It should also be noted, 
that although the overall correlation with 
the abundance of ciliates was positive, for  
a part of the research period a negative sig-
nificant relationship was found, perhaps in-
dicating that ciliates were exhibiting some 
controlling influence upon bacterial num-
bers (Table 2). 

Overall, this field study on forest lit-
ter bacteria provided a quantitative assess-
ment of their simultaneous ecological inter-
relations with fungi, protozoan flagellates, 
ciliates, amoebae, nematodes, microarthro-
pods, and forest litter composition. Some 
of the relationships described in this paper 
(e.g. with moisture content, fungi, ciliates 

etc.) are well-known, while some others 
(e.g. with litter composition) are less well-
studied. The added value of this assessment 
is that it relates to the winter-spring period, 
when the ecological interactions tend to be 
less investigated on the assumption that the 
biological activity during the colder peri-
ods is subdued. However, despite a decrease 
in biological activity, it does not stop com-
pletely, and it has previously (Clein and 
S chimel  1995) been shown that, although 
C and N mineralisation ceased below 0 de-
grees C, microbial activity in tundra and 
taiga soils occured at temperatures as low 
as –5oC. Valuable investigations of soil and 
litter microbiota have previously been car-
ried out in the conditions of winter, subzero 
temperatures and/or snow, including those 
which are far more challenging than at the 
site studied in this research (Aitchison 
1983, Evens  1992, Kennedy 1993, 1999, 
Block et al. 1994, Olear  and S eastedt 
1994, Itoh 1994, Kopeszki  and Trock-
ner  1994, L avy and Verhoef  1996, Hop-
kin 1997, Hodkinson  et al. 1998, Cas-
tr i l lo  et al. 2001, Robinson 2001, Ley 
and S chmidt  2002, Panicker  et al. 2002, 
Z ette l  et al. 2002). Furthermore, our pre-
vious zoological and fungal research con-
ducted over a winter – spring period at the 
same site showed a number of interesting 
relationships exhibited by soil and forest 
litter fungi and microfauna (Krivtsov  et 
al. 2002, Kr ivtsov  et al. 2003b). Hence, 
the results presented in this paper provide 
a valuable complementary insight to the 
previous work. The ecological interactions 
of bacteria registered in this research were 
indicative of the specific conditions of the 
study, and may, therefore, prove useful for 
future reference. Further work at the site 
should compare the relationships found in 
winter with the patterns observed during 
the other seasons, and particularly in sum-
mer.
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