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ABSTRACT: The field study was conducted
on fifteen peat meadows located in the Biebrza river
valley, north-eastern Poland, to estimate the range
of changes in Lumbricidae communities with time
after drainage. In a field experiment, the effects of
L. rubellus were examined on the composition and
abundance of microflora, Nematoda, Collembola,
and Enchytraeidae, and on resources of exchangea-
ble nutrients in drained peat soils.

The occurrence of 2—6 earthworm species was
noted in soils of drained peats. L. rubellus appeared
already 3-5 years after drainage and rapidly rea-
ched high densities and biomass. It showed prefe-
rence for moderately or heavily moorshed soils,
with high contents of total nitrogen and phosphorus,
low C/N, moderate porosity, and moderate moistu-
re. Casts of this species contained more fungi and
cellulolytic microorganisms, while less bacteria and
actinomycetes, as compared with their contents in
the soil. Also urease activity, content of fulvic acids
and concentrations of exchangeable phosphorus,
magnesium, and potassium were higher in casts.

In a 4-month field experiment, different densi-
ties of L. rubellus were used: 2, 4, and 6 individuals
in 1.5 L isolators inserted to soil. The control va-
riant was without earthworms. It was found that
high L. rubellus densities in peat moorsh enhanced
bacteria, ammonifying microorganisms, microorga-

nisms utilising mineral nitrogen, and seasonally
also actinomycetes and cellulolytic microbes. Also
total microbial biomass, dehydrogenase activity,
and the rate of cellulose decomposition were higher.
The abundance of soil fungi noticeably decreased.

Moreover, L. rubellus significantly influenced
nematode composition and abundance. Within a
short time, their total numbers declined, especially
numbers of bacterial-feeding nematodes. Also num-
bers and proportions of fungivorous nematodes slig-
htly declined. Plant-feeding nematodes were least
affected by this species, and in some periods their
numbers were higher in the presence of earthworms
than in the control. In the field experiment, no noti-
ceable effect of earthworms was found on total en-
chytraeid numbers. In the period of autumn peak of
Collembola, high numbers of L. rubellus reduced
their densities.

By modifying the composition and abundance
of microflora, nematodes and mesofauna, high
L. rubellus densities (above 200 individuals m °)
can increase the rate of organic matter mineraliza-
tion, intensify competition for nutrients, and indi-
rectly they contribute to the biological decomposi-
tion of moorsh in soils of drained peat meadows.

KEY WORDS: L. rubellus, earthworms, peat
meadow, casts, microflora, nematodes, springtails,
enchytraeids, drainage
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1. INTRODUCTION

Because of their profound effects on bi-
otic and abiotic soil properties, earthworms
have been in focus of soil ecology for a long
time. Recently, some 150-200 papers a year
have been published on various aspects of
their biology and ecology. There are also
monographs of this group, or separate chap-
ters in textbooks (Satchell 1967, Lee 1985,
Edwards and Bohlen 1996, Edwards
1998). In discussions concerning biological
diversity they are regarded as engineering
species, thus, imposing an unusually high im-
pact on the environment (Jones et al. 1994,
Lawton 1994, Lavelle 1997).

Despite this extensive knowledge, new
questions continue to arise. In this seemingly
uniform group, the role and importance of in-
dividual species in the ecosystem, their de-
pendence on soil type, plant community,
management practices, other components of
edaphon, and on many other factors, have ap-
peared to show large differences.

Among 35 earthworm species recorded
from Poland (Plisko 1973, Kasprzak
1986) only 3-5 are sufficiently abundant and
influential to be considered engineering spe-
cies. One of them is Lumbricus rubellus
Hoffm. occurring in top soil layers of most
ecosystems sufficiently rich and moist.
Nearly all the studies of this species, both
field and laboratory, were conducted in min-
eral soils (Shipitalo etal. 1988, Haimi and
Huhta 1990, Daniel and Anderson 1992,
Kristafek er al. 1992, Zhang and Hen-
drix 1995, Brown et al. 1998). Few studies
of this species were conducted in drained
peatlands (Kozlovskaja 1976, Makulec
1991, Chmielewski and Makulec 1993,
Makulec and Chmielewski 1994). In Po-
land, peat soils cover an area of about 1.2 mil-
lion hectares under agricultural use since a
long time, mainly as hay meadows (Ok-
ruszko 1990, 1993). They typically pro-
vide suitable conditions for earthworms
(Makulec 1991).

The purpose of this paper is to answer
several crucial questions. The basic problem
is the recognition of changes in Lumbricidae
communities with time after drainage, espe-
cially in L. rubellus populations. The next is-
sue is the effect of this species on the
abundance of microflora and on enzymatic
activity of the soils of drained peatlands, and
most of all, an answer to the question whether

or not the increase in microflora noted many
times in guts and casts of earthworms is trans-
ferred to the soil where they occur? If so, do
these changes have an indirect effect on the
abundance of soil fauna typically closely as-
sociated with microorganisms, such as
Nematoda, Collembola, and Enchytraeidae?
Can it, thus, be expected that as a conse-
quence of these multi-sided L. rubellus ef-
fects in peat soil, also processes of organic
matter decomposition will be intensified and
the pool of nutrients readily available to
plants will increase?

Answers to these questions will allow us
a deeper understanding of interactions among
earthworms, microbes, microfauna and
mesofauna, as well as of their role in soil pro-
cesses, mainly with regard to the unfavour-
able process of peat loss after drainage
(Roguski and Bienkiewicz 1967, Ok-
ruszko and Kozakiewicz 1973).

For this purpose, comprehensive field
observations and experiments were con-
ducted. The field observations concerned
successional changes in Lumbricidae com-
munity in a series of fifteen sites that differed
in the time from drainage. A mesocosm ex-
periment was designed to examine changes in
the abundance of microflora and selected
groups of soil fauna, caused by differential
L. rubellus densities.

2. STUDY OBJECT

Lumbricus rubellus Hoffm. (Lumbrici-
dae) is common throughout Poland (Plisko
1973, Kasprzak 1986). It shows preference
for soils rich in organic matter, with C/N
ranging from 8.5 to 21.2 (Bouche 1972),
and pH of 3.7-7.0 (Satchell 1955). This is
an epigeic species living on litter and pene-
trating the top soil layer. It consumes up to 52
mg g day”' of plant residues at various
stages of decomposition and amorphic detri-
tus (Piearce 1978, Shipitalo ef al. 1988).
According to Flegel et al. (1998), consump-
tion of leaf litter by this species can reach
even 225-473 mg g day’!, excluding the
mineral fraction of soil. It has well developed
calciferous glands that neutralize acid com-
ponents of the diet (Piearce 1972). The time
of food passage through the gut is long and it
varies from 6 to 8 hours (Daniel and An-
derson 1992). This species is characterized
by a relatively high deposition of casts. Under
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laboratory conditions it deposits 80-460 mg
dry mass of casts per 1 g of biomass per day
(Shipitalo et al. 1988), and according to
Martin (1982) even 1.6-3.6 g g day!. It is
relatively large — sexually mature individuals
are up to 100 mm long and their weight ex-
ceeds 1 g. Among earthworms, this is the
most fecund species. One individual can lay
from 80 to 106 cocoons a year (Satchell
1967). Thus, the life strategy of this species is
between r and K strategists among earth-
worms (Satchell 1980).

These traits of L. rubellus suggest that it
can largely modify biotic and abiotic soil
conditions when occurring in large numbers.

Biebrza Wetlands

3. STUDY AREA AND METHODS

All field and experimental works were
conducted in natural and drained peatlands of
the middle and lower Biebrza river catchment
basin and in the Narew river valley (Fig. 1).
Peats of this region are of different thickness
and origin and, consequently, they also differ
in physico-chemical properties. Sedge-
moss-peats are relatively compact, with few
macropores, and they are permanently moist
because of the capillary ascension of ground
waters. Moorsh-forming process is relatively
slow. In the text and in tables, they are de-

N

WP Lakes
¥4 Wetlands
O Towns
A Sites

o Field experiment

Fig. 1. Localisation of the study sites in the Biebrza valley. 1 — Dobarz (A), 2 — Dobarz (B), 3 — Toczylowo
(A), 4 — Lipniki (B), 5 — Kislaki (C), 6 — Wizna (A), 7 — Wizna (B), 8 — Wizna (C), 9 — Kuwasy (B), 10 —
Kuwasy (C), 11 -Toczylowo (B), 12 — Toczylowo (C), 13 — Sojczyn (A), 14 — Modzeléwka (B), 15 —
Modzeléwka (C), 16 — Kosity (A), 17 — Biebrza I (A), 18 — Biebrza II (A), 19 — Biebrza III (C), 20 — Kosity

(C), 21 — Lamane Grady (C), 22 — Wykowo (C).

(A) — sedge-moss peat, (B) — tall-sedge peat, (C) — alder peat
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noted by letter A. In contrast, alder-peats, de-
noted by letter C, are more fertile, peat
decomposition and the related nutrient re-
lease is faster, porosity is higher, and mois-
ture considerably lower. Tall-sedge peats,
denoted by B, occupy an intermediate posi-
tion in this sequence (Okruszko 1990,
1993).

The meadows established on drained
peatlands were most often used as hay mead-
ows, typically harvested three times a season,
and only occasionally used as cattle pastures,
mainly in autumn.

31 FIELD STUD Y

Successional changes in Lumbricidae
communities after peat drainage were ob-
served during 1982-83 in a series comprising
natural meadows, meadows drained several
years before, and meadows used tens of
years. A detailed description of site condi-
tions is given by Kaczmarek (1991). A
comprehensive analysis of successional
changes in biocoenoses of drained peats is
presented by Kajak (1985) and Kajak et al.
(1985).

One of the basic forms of earthworm ef-
fects on physico-chemical and biotic soil
properties is deposition of large amounts of
casts. For this reason, numbers and enzy-
matic activity of the major microfloral groups
of L. rubellus casts were assessed, along with
the content of the main exchangeable nutri-
ents.

For a more complete picture of the im-
portance and role of L. rubellus in soils of
peat meadows, also the results of previously
published papers (Makulec 1991, Chmie-
lewski and Makulec 1993) are included
here.

3.1.1. NUMBERS, BIOMASS, AND
SPECIES COMPOSITION OF
LUMBRICIDAE

The samples were taken on three occa-
sions: in autumn 1982, and in summer and
autumn 1983 from 15 peat meadows that dif-
fered in the time after drainage (Fig. 1). The
formalin method was used that rests on the
extraction of earthworms with 0.3% formal-
dehyde (Raw 1959). On each occasion, 10
samples with a surface area of 0.09 m? each
were taken. The abundance, biomass, and
species composition of the Lumbricidae
community were estimated.

A more intensive study, focused mainly
on the seasonal dynamics of numbers and
biomass of the dominant species, L. rubellus,
was conducted on eight meadows established
about 40 years earlier on sedge-moss and
alder-peats in the Kuwasy fen (Fig. 1). Sam-
ples were taken four times a season using the
method as above.

Based on the known L. rubellus biomass
and on the literature estimates of the casts de-
posited by this species (Martin 1982,
Shipitalo ef al. 1988), seasonal deposition
of casts was calculated. Assuming that in
mineral soils L. rubellus deposits only 1 g dry
wt. of casts per gram of biomass per day (in-
termediate value between those found by
Martin 1982 and Shipitalo ef al. 1988),
and that the ratio of the weight by volume of
mineral soils to peat moorsh is 4:1 (Ok-
ruszko 1993), the deposition of casts by in-
dividuals of this species on peat meadows is
about 0.25 g dry wt g”! biomass day .

3.1.2. NUMBERS AND ENZYMATIC
ACTIVITY OF MICROFLORA, AND
CONTENT OF EXCHANGEABLE
NUTRIENTS IN L. RUBELLUS CASTS
AND IN THE TOP LAYER OF PEAT
MOORSH

In the autumn period, fresh L. rubellus
casts were collected from 6 sites in the Ku-
wasy fen. The abundance and enzymatic ac-
tivity of the main microfloral groups living in
them were compared with those in the top
(0—10 cm) soil layer. The estimated variables
comprised the abundance of bacteria, fungi,
actinomycetes, and cellulolytic organisms,
also urease and dehydrogenase activity. The
same methods were used as those in experi-
ments described in Section 3.2.1.

In 1995, the content of exchangeable nu-
trients was analysed in casts collected from 3
meadows (situated on Wizna fen) that dif-
fered in peat origin, and compared with that
in the top soil layer. Nutrients were extracted
with a mixture of 0.5 n acetic acid and 0.5 n
ammonium acetate at pH = 4.65 (Lakanen
1962). Ca, K, Mg, Fe, and Mn cations were
analysed by using the atomic absorption
spectrometer Varian 1200, and P-PO, by us-
ing the molybdenum method at a wave length
of 690 nm.

In 1997, the composition of soil humus
fractions in L. rubellus casts and in the upper
moorsh layers was analysed on meadows
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with alder and tall-sedge peats, using the
Kononowa and Bielczikowa method
(Kononowa 1968). Humic substances were
extracted from mixed cast samples and from
the soil by using a mixture of sodium pyro-
phosphate and sodium base at pH 13. Total
nitrogen was determined by the Kjeldahl
method.

3.2. EXPERIMENTAL STUDY

A field experiment was designed to as-
sess the effect of L. rubellus on soil micro-
flora and fauna and on the content of
exchangeable nutrients across the area of its
occurrence in the soil profile.

The experiment was conducted in the
season of 1997 on the alder meadow located
in the former Kuwasy fen drained 50 years
earlier. This site was covered with short-grass
meadows typical of fresh soils, with Poa
pratense and Festuca rubra of the class
Molinio-Arrhenatheretea. The mean moorsh
moisture in the experimental period was
70%, pH 5.5, and C/N ratio 10.9.

Soil cores 100 cm? in surface area and 15
cm deep were taken from areas covered with
relatively uniform meadow vegetation. They
were put into bags-isolators and returned to
the place from which they were taken. In total
160 isolators were prepared. The isolators
were made of steelon mesh screen with a
mesh size of 0.3 x 1.0 mm totally precluding
movements of most groups of soil fauna, ex-
cept for Protozoa, Nematoda, and small spe-
cies of Enchytraeidae and Acarina. This kind
of experimental procedure minimally dis-
turbs natural conditions, and the possible dis-
tortions equally affect all the variants of the
experiment.

20

10 }
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To these isolators, earthworms were in-
troduced in different numbers: 2, 4, and 6,
corresponding to the following densities ob-
served in the field: 200 ind. m™, this being a
mean density in the season, 400 ind. m~,
which is a szprmg or autumn maximum, and
600 ind. m™, which is a very rare densxty in
peat meadows (Makulec 1991, 1993). The
control isolators, variant 0, did not contain
earthworms.

The experiment was started at the end of
May. The isolators were distributed over an
area of several ten square metres at distances
of 20 x 20 cm. Basic microbiological and
zooecological samples were taken four times
a season at monthly intervals: the end of June,
July, August and September. Only the isola-
tors in which the number of L. rubellus found
was the same as the number introduced were
selected for analysis. According to Harten-
stein (1984), among 9 earthworm species
under study, L. rubellus has the lowest sur-
vival under experimental conditions. The pa-
per presents the results of analyses after 30,
60, and 120 days of the experiment. In the
third month of the experiment, high tempera-
tures and very low soil moisture (sum of pre-
cipitation in August was 10.4 mm, soil
moisture 52%) (Fig. 2) totally inhibited the
activity of earthworms and other faunal
groups so that no differences existed among
variants of the experiment.

3.2.1. NUMBERS, BIOMASS, AND
ENZYMATIC ACTIVITY OF
MICROFLORA IN ISOLATORS

Samples 100 cm? in volume (10 cm? sur-
face area and 10 cm deep) were taken directly
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Fig. 2. Precipitation and mean daily soil temperature at 5 cm depth durmg the field experiment
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from isolators. On each sampling date, 10
samples were taken from each variant. The
plate method was used to estimate total num-
bers of bacteria, actinomycetes, fungi,
ammonifying organisms, and cellulolytic mi-
croflora. Bacteria were cultured on agar with
soil extract, actinomycetes on the substrate
after Kuster and Wiliams (1964), and
fungi on the Martin’s (1950) synthetic me-
dium substrate. Cellulolytic microflora was
isolated on Omelianski’s (Rodina 1968)
substrate with cellulose discs, ammonifying
organisms on nutrient agar with meat broth,
and microorganisms using mineral nitrogen
on nitrate-starch substrate.

The plate method produces some error
because in addition to active forms, it also as-
sesses spores of microorganisms. Because of
that, the activity of two soil enzymes, dehy-
drogenase and urease, was measured in paral-
lel, and at the end of the experiment also
microfloral biomass C was evaluated. Dehy-
drogenase activity was measured by the
method of TTC reduction according to Ca-
sida et al. (1964), urease activity by the
Hoffman and Teicher (1961) method.

The biomass of active microorganisms
was estimated with the substrate induced
method (SIR) by the addition of a readily de-
composing substrate such as glucose (An-
derson and Domsch 1978, Sparling
1995). The soil from isolators was analysed at
the end of the experiment, on the final sam-
pling date.

3.2.2. CELLULOSE DECOMPOSITION
RATE

The rate of cellulose disappearance is a
good index of the total biological activity of
the soil (Golley 1960). Filters made of ash-
less filter paper were used for measurements.
They were inserted in bags made of nylon
mesh screen into the soil of isolators in all
variants within the 0—10-cm layer. The first
period of their exposure took 45 days since
the beginning of the experiment, and the sec-
ond period lasted 30 days in the last month of
the experiment. After these periods, weight
loss of the bags was measured.

3.2.3. NUMBERS OF NEMATODA,
COLLEMBOLA, AND ENCHYTRAEIDAE
IN ISOLATORS

Samples for Nematoda abundance were
taken with a soil corer 2.5 cm? in surface area

and 15 cm deep. Ten such samples were
taken, and nematodes were extracted from
them by using a modified Baermann funnel
method. To estimate numbers of collembo-
lans and enchytraeids, 10—15 soil cores 100
cm’® in volume were taken directly from the
isolators and divided in the field into two lay-
ers: 0—5 cm and 5-10 cm. Collembolans were
extracted with a modified Tullgren apparatus
(Kempson et al. 1963), and enchytraeids by
using the wet funnel method after O’ Con-
nor (1962).

The following tests were used for statis-
tical analyses: t-Student, Mann-Whitney,
Wilcoxon, and two-way analysis of variance
(Statgraphics SG Plus). To estimate environ-
mental determinants of Lumbricidae, canoni-
cal analysis — RDA (Redundancy Analysis)
was used in the programmes CANOCO 3.1
and CanoDraw 3.0 (ter Braak 1996).

A statistical significance at the level of
P<0.05 was used. The names of the tests used
are given in tables and figures. Because of a
large variation in the results of field experi-
ments, also significance levels of 0.05<P
<0.1 are given to indicate tendencies or
trends.

4. RESULTS

4.1. COMMUNITIES
OF LUMBRICIDAE IN NATURAL
AND DRAINED PEAT MEADOWS

In a series of 15 sites ranging from natu-
ral peatland, through newly-drained mead-
ows, to meadows drained nearly 100 years
earlier, the occurrence of 2 to 6 species of
Lumbricidae was noted (Makulec 1991). In
permanently wet and permanently flooded
natural moss and sedge peatlands, 3 species
were recorded, dominated by amphibiotic
Eiseniella tetraedra (Sav.) and cosmopolitan
Dendrobaena octaedra (Sav.) occurring in
all meadows. The third species, Octolasion
lacteum (Oerley), dwelling deep layers of the
soil profile, also occurred at all sites but with
a lower frequency (Table 1). The highest
number of 6 species was noted already 3-5
years after drainage in alder meadows. The
same number of species was maintained over
the following years, except for the years of
extreme water conditions. Both desiccation
(site 8) and prolonged immersion leading to
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Table 1. Constancy of the occurrence (%) of Lumbricidae species in natural and drained peat meadows (after Makulec 1991)

Sites (peat origin)

7(B)

15(C)

11(B) 12(C) 13(A) 14(B)

9(B) 10(C)

8(C)
Years since drainage

3(A) 4(B) 5(C) 6(A)
15-20 15-20
100
46.6

2(B)

1(A)

Species

100

96.6

100
100

50 100
10.0

6.6

50

25125
100

15-20

1-5
100

93.7

1-5
70.0

1-3
34

89.6
414 700 25.0

9

100 46.6
73.3 333 80.0. 46.6

60.0 3.3

Lumbricus rubellus Hoffm.

50.0

60.0

100 82.1

35.0

31.6

Dendrobaena octaedra (Sav.)

33
16.6

6.6
23.3

46.4

80.0

Dendrodrilus rubidus (Sav.)

60.0 56.6 66.6

10033

150500 400, 393 33
25.0

172

15.0

5.2
68

Octolasion lacteum (Oerley)

33

16.6

34
83

3.3

15.0

4

Eiseniella tetraedra (Sav.)

166« 233

6.2

A - sedge-moss peat, B — tall-sedge peat, C — alder peat. For explanations of sites symbols see Fig. 1

Aporrectodea caliginosa (Sav.)

secondary paludification (site 13) reduced
the number of species to 2-3.

L. rubellus appeared already in the first
3-5 years after drainage, in largest numbers
in alder-moorsh soils, and then occurring
with a high frequency in all samples taken
from the majority of sites (Table 1). At the
beginning, it accounted for only 1-27% of the
total number of earthworms but for as much
as 8-70% of the biomass (Figs 3 and 4). In
successive years, it became the dominant spe-
cies accounting for 60-80% of the density
and 80-94% of the biomass of the total earth-
worm community.

The results of the canonical analysis
show that 27% of the variation in the abun-
dance of species and 97% of the variation
species-habitat relations can be explained by
the first two axes (Fig. 5). The first one is
positively correlated with the time after
drainage, pH, and mucking degree, whereas
negatively correlated with moorsh moisture.

Amphibiotic E. tetraedra was closely as-
sociated with natural meadows or with newly
drained meadows characterised by high wet-
ness, relatively low pH, and low degree of
mucking. D. octaedra and D. rubidus were
most abundant in meadows several to more
than 10 years after drainage, with low pH,
low degree of mucking, and with a low con-
tent of minerals. O. lacteum occurred at sites
with high pH, many years after drainage, and
moderately moorshed. L. rubellus and
A. caliginosa showed preference for mead-
ows with relatively low moisture, 20-25
years after drainage.

4.2. NUMBER AND BIOMASS
DYNAMICS AND ESTIMATED CAST
DEPOSITION IN L. RUBELLUS

Meadows of the Kuwasy peatland are
characterized by suitable water regime due to
the Kuwasy Canal, enhancing abundant oc-
currence of earthworms. L. rubellus contrib-
uted to 80—90% of the density and almost in
all cases to over 90% of the biomass of earth-
worms in that area. In general, this species
was most abundant in June, and occasionally
peak numbers were shifted to summer
months (Fig. 6). In these periods, the upper
layer of peat moorsh was inhabited by 50 to
almost 300 individuals m2.

Changes in biomass showed a more
regular pattern. Typically, it steadily in-
creased already from May through
August—September. A comparison of L. ru-
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(For explanations of sites symbols see Fig. 1)

bellus biomass on the first and last sampling
dates showed that from a few to 138 g m~ of
dead tissues of this species were transferred
to other trophic levels as a result of elimina-
tion.

The mean body weight of individual
earthworms steadily increased, reaching a
maximum in early autumn (Fig. 6). As densi-

ties were low at that time, the high total bio-
mass of earthworms was mainly an effect of
individual growth, rather than of emergence
of young individuals from cocoons.

The selected study sites were character-
ized by a relatively narrow range of variation
in habitat factors (Churski, unpublished,
Petal and Churski 1991, Konecka-Betley
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Fig. 5. Ordination diagram of six earthworm species and soil physico-chemical data from peat soils. Earthworm
species are indicated by solid arrows, environmental variables by dashed arrows and sites by circles.
Eigenvalues of first and second axes are 0.208 and 0.065, respectively. The first axis correlates with the time
after drainage (r = 0.52), pH (r = 0.38), mucking degree (r = 0.32), and moisture (r = —0.28).

Abbreviations: L.rub — Lumbricus rubellus, D.rubid — Dendrodrilus rubidus, D.oct — Dendrobaena octaedra,
A.cal — Aporrectodea caliginosa, E.tetr — Eiseniella tetraedra, O.lact — Octolasion lacteum

For explanations of sites symbols see Fig. 1.

and Czepinska-Kaminska 1993). The re-
sults of canonical analysis show that 87% of
the variation in the mean abundance and bio-
mass of L. rubellus can be explained by the
first two axes (Fig. 7). The first one is posi-
tively correlated with the content of total ni-
trogen and phosphorus and with peat density
by volume. Mineral components of moorsh,
pH, total carbon, calcium and silica are corre-
lated with the second axis. L. rubellus shows
preference for moorsh with low C/N, low po-
rosity, but rich in nitrogen and total phospho-
rus, and with a high density by volume.

In terms of mean numbers and biomass
(Table 2), drained peat meadows are among
the sites abundantly inhabited by earth-
worms, such as fertile oak-hornbeam forests,
pastures, and gardens (Lee 1985). Clearly,
their activity should substantially influence
the functioning of the whole soil subsystem.
One of the forms of this influence is deposi-
tion of large masses of casts. Using the proce-
dure described above, it has been calculated
that the dominant species in peat soils, L. ru-
bellus, deposits about 12-35 t ha™' of casts in
the period from May through October. If the

mean weight by volume of peat moorsh at the
study sites was, on average, 0.26 g cm™
(Churski, unpublished), then a food mass
equivalent to 0.5-1.3-cm moorsh layer
passed through the gut of this species over the
season.

4.3. MICROFLORA AND ENZYMATIC
ACTIVITY OF L. RUBELLUS CASTS
AND PEAT SOILS

Large differences were found in num-
bers of the main groups of microorganisms
between L. rubellus casts and the top soil
layer of peat meadows (Fig. 8). On most sites,
especially with high numbers of bacteria in
the soil, bacterial densities in casts of this
species were 2—4 times reduced as compared
with those in the soil. In soils with low densi-
ties of bacteria, their densities in casts tended
to increase.

Numbers of fungi in casts were 2-6
times higher than in the soil inhabited by
earthworms. The relative increase was higher
at sites poor in fungi.
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Fig. 7. Ordination diagram of L. rubellus abundance and biomass and soil physico-chemical data from peat
soils. The abundance and biomass are indicated by solid arrows, environmental variables by dashed arrows and
sites by circles. Eigenvalues of first and second axes are 0.869 and 0.131, respectively. The first axis correlates
with the total content of N (r = 0.80), P (r = 0.67), C/N (r = —0.78), volume density of peat (r = 0.44) and
porosity (r = —0.34). The second axis correlates with the pH (r = 0.77), ash content (r = 0.65) and total content
of C (r =-0.52), Ca (r = 0.49) and SiO, (r = 0.34). Abbreviations: DM — degree of mucking

(For explanations of sites symbols see Fig. 1)

Table 2. Mean abundance, biomass and estimated cast deposition of L. rubellus

Sites
6(A) 16(A) 17(A) 18(A) 19(C) 20(C) 8(C) 21(C)
s AN . 104 S0 10 D 1ee 198 1esd W
(indiv. m™ season)
e 3853 304 YR 0E ALIY-T N0 e
(g m™ season’)
o L AR - G o0 S SR 4 T U

(t d.w.ha" season™)

Also proportions of the two groups of
microorganisms in earthworm casts differed
from those in the soil. An increase in numbers
of fungi combined with a decrease or with
only a small increase in the number of bacte-
ria in casts lowered the ratio of bacteria to
fungi in casts relative to that in the soil. This
means that the contribution of bacteria to
transformation of soil organic matter was re-
duced in favour of fungi, this enhancing the
accumulation of carbon and organic nitrogen
in casts.

Actinomycetes were considerably less
abundant in casts than in the soil inhabited by

L. rubellus. In contrast, the abundance of cel-
lulolytic microflora was higher in casts com-
pared with the top layer of the moorsh peat.
This was likely to be an effect of a higher pro-
portion of easily decomposable plant resi-
dues in the food of earthworms and in their
casts, as compared with their content in the
soil (Piearce 1978), which is a substrate
promoting the development of this physio-
logical group of microorganisms. Actinomy-
cetes participate mainly in decomposition of
more complex organic substances such as
lignins, bitumins, hemicelluloses, chitin, or
humic acids that are more abundant in peat
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Fig. 8. The abundance of microorganisms (mean + SE) in L. rubellus casts and in soil (0-10cm) (after

Chmielewski and Makulec 1993, modified).

* — P <0.05, t-test; n = 10. For explanations of sites symbols see Fig. 1.

moorsh accounting for only small part of the
food mass (Paul and Clark 1996).

The activity of selected soil enzymes is a
better method than the plate method for esti-
mating the effects of microorganisms on soil
processes. However, it also has some draw-
backs. Most enzymes are of microbiological
origin but a part of them, which is difficult to
assess, consists of endoenzymes of live and
dead animals, roots, and plant residues (Sku-
jins 1967).

Urease activity in L. rubellus casts
showed more uniform tendencies than micro-
flora, and it was almost always higher than in
the top soil layer (Fig. 9). This was not the
case of dehydrogenase, and differences be-

tween casts and peat moorsh were not signifi-
cant.

4.4. EXCHANGEABLE CATIONS AND
HUMUS CONTENT IN L. RUBELLUS
CASTS AND PEAT SOIL

Digestive processes in earthworm gut
and intense development of microflora in
casts accounted for an increase in the concen-
tration of nutrients in the forms readily avail-
able for plants (Fig. 10). The concentration of
calcium in L. rubellus casts on the tall-sedge
and sedge-moss meadows was lower by
10-50%, especially when compared with a
deeper soil layer. No clear differences were
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Fig. 9. Enzymatic activity in earthworm casts and in peat soil
(Urease — P < 0.03, dehydrogenase — not significant: Wilcoxon test. For explanations of sites symbols see Fig. 1.)

noted only in alder peats. A similar situation
was found for exchangeable iron. The con-
centration of Fe in casts was lower than in the
top layer of peat soil by about 50% (Fig. 10).

Concentrations of the readily available
forms of all the other nutrients analysed in
casts markedly increased — by factors of 2—4
for magnesium, 2-3 for potassium, and 2, on
the average, for manganese. It is worth noting
a very high increase in the concentration of
phosphate anion by a factor of 8 in the alder
meadow. The analysis of variance revealed
statistically significant differences in concen-
trations of all the exchangeable nutrients be-
tween casts and peat moorsh (Table 3). In the
case of manganese and phosphorus, also peat
type was important.

Peat moorshes are characterized by very
high contents of total carbon, including car-
bon in soil humus (Konecka-Betley and
Czepinska-Kaminska 1993, Okruszko
1993). For this reason it is difficult to discern
changes in humus composition caused by mi-
croorganisms and soil animals. L. rubellus
casts contained a little less carbon and total
nitrogen compared with the soil but this did
not change the C/N ratio (Table 4). Earth-
worm casts at both sites contained a little
more fulvic acids, that is, precursors of stable
forms of the soil humus. Concurrently, the
proportion of humic acids characteristic of
peat moorsh declined. As a result, both the ra-
tio of the two humus acids and the degree of

cast humification were lower compared with
those in the two layers of the peat soil.

4.5. THE EFFECT OF DIFFERENTIAL
L. RUBELLUS DENSITIES ON
MICROFLORA AND ENZYMATIC
ACTIVITY OF PEAT SOIL IN A
FIELD EXPERIMENT

After 30 days of the experiment, at a
relatively low abundance of bacteria in the
control variant, their total numbers almost
doubled in the variants with moderate and
highest earthworm densities (Fig. 11). After
60 days of the experiment, the total density of
bacteria increased in all the variants, and in
the variant without earthworms more than 5
times, but differences among variants were
not as clear as in the preceding period. Only
in the variant with the lowest number of L. ru-
bellus the increase in numbers of bacteria ap-
proached significance, which may be a
delayed effect observed in preceding month
in the variant with high earthworm numbers.
At the end of the experiment, significantly
more bacteria occurred in the variant with 4
earthworms, and in the variant with the high-
est number of earthworms, the number of
bacteria tended to decline. The analysis of
variance showed a significant effect of earth-
worms on the total density of bacteria in the
experiment (Table 5).
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After 30 days, the abundance of fungi
decreased to almost three times in the vari-
ants with L. rubellus as compared with the
control. This is an opposite situation to that
earlier observed when casts were compared
with upper soil layers (Fig. 8). After 60 days
of the experiment, the number of fungi in-

creased only at the lowest earthworm density,
and in the other variants it was similar to that
in the control. In autumn, on the fourth sam-
pling date, fungi were again less abundant in
all variants with earthworms, as compared
with the control. The analysis of variance
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Table 3. Results of two-factor ANOVA analysis of exchangeable nutrient contents in casts and in soils
differing by peat origin. F values and levels of significance are shown (n = 6)

Place Peat origin Interaction
. (casts, soil layers) (sites) (place and site)
Nutrient df. = 2) df = 2) df = 4)
F P E P F P
K 65.04 0.000 6.33 0.02 1557 0.26
Ca 5.58 0.02 5.19 0.03 1.78 0.21
Mg 196.19 0.000 5.78 0.02 11.65 0.001
Fe 12.20 0.003 87.80 0.000 1.01 0.45
Mn 15.29 0.001 1.81 0.21 1.08 0.42
P/PO, 66.68 0.000 2.59 0.12 1.18 0.38
d.f. — degree of freedom
Table 4. Humus fractions in L.rubellus casts and in the peat soil
Degree of
N% C% C/N C..% Ce® C,% (@if(ele ot
tall-sedge peat

casts 292 35.94 12.3 8.31 6.35 21.28 13 40.8

soil:
0-5 cm 3.05 37.20 122 11.80 5.09 20.31 2.3 45.4
5-10 cm 295 36.84 12.5 10.24 6.09 20.51 1.7 443

alder peat

casts 325 35.50 10.9 7.42 6.68 21.40 1.1 39.7

soil:
0-5 cm 3135 36.44 10.9 9.28 5.94 21.22 1.6 41.8
5-10cm 3.40 35.14 10.3 9.95 6.01 19.18 1.7 45.6

KH — humic acids, KF — fulvic acids, P — humins, degree of humification: (Cxu + Ckr)/Cioar 100%

showed significant differences among vari-
ants at strong interactions (Table 5).

Concurrently, the ratio of bacteria to
fungi steadily increased. The mean value for
all the combinations increased from 34 after
30 days of the experiment to 81 after 60 days,
and over 230 at the end of the experiment. In
the isolators with earthworms, the ratio of to-
tal bacteria to fungi was higher than in the
control.

Numbers of Actinomycetes in isolators
that differed in the number of earthworms
slightly decreased after 30 days of the experi-
ment only in the variant with the medium L.
rubellus density (Fig. 11). After 60 days, their
numbers were three times those in the control
isolators. At the end of the experiment, no
significant differences were observed be-

tween the experimental and control variants.
Statistical analyses of data for the whole time
of the experiment showed a significant effect
of L. rubellus on the abundance of actinomy-
cetes (Table 5).

Numbers of cellulolytic microflora in the
isolator with medium and high L. rubellus
densities were significantly higher than in the
control. This situation was still maintained
after 60 days of the experiment. In autumn,
the density of this group markedly decreased
in the presence of earthworms, even by half,
as compared with the control. As a result of
opposite tendencies, no significant effect of
earthworms on the abundance of this group of
microorganisms was found for the whole ex-
perimental period (Table 5).
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Table 5. Results of two-factor ANOVA analysis of L. rubellus effect on numbers of microorganisms and rate of
cellulose decomposition. F values and levels of significance are presented

Treatment Sampling time Interaction
(number of earthworms) (treatment x time)
(d.f. = 3) (df. = 2) df: = 4)
Microflora (n = 26):
Bacteria 326> 159:33-1# %% 1.09 n.s.
Fungi 2078 ¥ 4] 11E* TG4 #As
Actinomycetes 2.99. * | WRTITL ke L77:ms.
Cellulolytical microorganisms 0.73 n.s. 221 ns: 3 20 %34
Ammonifying microorganisms 356 519.80 $#x 2.53 &
Microorganisms utilising mineral N 873 ke 699 57" 00 e
Rate of cellulose decomp. (n = 32) 4.56 ** 24.77%%* 0.76 n.s.

d.f. — degree of freedom, * — P < 0.05, ** — P < 0.01, *** — P < 0.001, n.s. — not significant.
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Fig. 12. Soil enzymatic activity in isolators with different L. rubellus number on three sampling dates (mean + SE)
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Changes in numbers of ammonifying
microorganisms and microorganisms using
mineral nitrogen followed similar patterns
but directions of changes were more variable.
However, numbers of these groups tended to
increase at the lowest and the highest earth-
worm densities in isolators, mainly after 60
and 120 days of the experiment. Analysis of
the data set for the whole experimental period
showed, however, a significant effect of dif-
ferential L. rubellus densities on numbers of
these two groups of microorganisms (Table 5).

After 30 days of the experiment, both de-
hydrogenase activity and urease activity in-
creased with the number of earthworms, and
differences approached significance (Fig.
12). These relations were maintained over the
following month, and disappeared in autumn
on the last sampling date.

4.6. BIOMASS OF MICROORGANISMS
IN ISOLATORS WITH DIFFERENT
L. RUBELLUS DENSITIES

Microbial biomass expressed as carbon
content was higher in the isolators with earth-
worms compared with the control in both the
soil layers after 120 days of the experiment
(Fig. 13). The highest level was found in the
variant with medium L. rubellus numbers.
The analysis of variance confirmed a signifi-
cant effect of earthworms on soil microbial
biomass in the experiment (F = 6.39, P =
0.002, n = 8).

Microbial biomass C
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4.7. THE RATE OF CELLULOSE
DECOMPOSITION

The rate of decomposition of cellulose
filter papers was significantly higher in vari-
ants with earthworms as compared with the
control during the first 45 days of the experi-
ment (Fig. 14). In the last month of the ex-
periment, cellulose decomposition was less
intense, but still higher in the isolators with
earthworms. The two-factor analysis of vari-
ance confirmed the significant effect of earth-
worms on the rate of cellulose decomposition
(Table 5).

4.8. THE EFFECT OF L. RUBELLUS
ON SELECTED GROUPS OF SOIL
FAUNA

4.8.1. NEMATODA

Clear changes in the composition and
abundance of soil microflora caused by L. ru-
bellus had a direct and indirect influence on
micro- and mesofauna of peat soils.

Nematodes were closely associated with
soil microflora. After 30 days of the experi-
ment, their numbers significantly decreased
with increasing earthworm numbers in the
1solators (Fig. 15). The proportions of bacte-
rial feeders and fungal feeders markedly de-
clined , while the proportion of plant feeders
increased (Fig. 16). The proportions of preda-
tors and omnivores slightly increased, imply-
ing an increased community stability. After

Microbial biomass C
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Fig. 13. Microbial biomass C in two soil layers in isolators with different L. rubellus numbers (Bars sharing the

same letter are not significantly different)
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Fig. 14. Rate of cellulose decomposition in isolators with different numbers of L. rubellus

60 days of the experiment, in variants with 4
and 6 earthworms, an increase was observed
in plant feeders. The proportions of fungal
feeders decreased in the isolators with L. ru-
bellus. At the end of the experiment, no sig-
nificant differences in the number of
nematodes were observed, except for the fun-
gal feeders that were less abundant in the
variant with medium numbers of earth-
worms.

The ratio of bacterial feeders to fungal
feeders was the lowest in the variant without
earthworms as compared with all the other
variants (Table 6). The highest values were
recorded after the first 30 days of the experi-
ment, at generally high numbers of nema-
todes in the isolators. This index showed
similar tendencies as the ratio of bacteria to
fungi described above.

4.8.2. COLLEMBOLA

Springtails were scarce in the first study
period, and 2-3 times more abundant in the
variants with earthworms as compared with
the control (Fig. 17). On the next sampling
date, collembolan densities increased in all
the variants, and no differences were found
between them. Only at the end of the experi-
ment, after 120 days, in the period of autumn
peak in collembolan numbers, their densities
were lower in the variants with earthworms
than in the control, especially in the variant
with 4 L. rubellus, where springtails were re-

duced to 13-times as compared with their
density in the control.

4.8.3. ENCHYTRAEIDS

After 30 and 60 days of the experiment,
enchytraeid densities were high and similar
in all the variants (Fig. 18). Differences in
variants with 4 and 6 earthworms compared
with the control were not statistically signifi-
cant. After 120 days of the experiment, their
densities were very low, 4-7 x 10? individu-
als m~, and they did not depend on L. rubel-
lus density.

4.9. THE EFFECT OF L. RUBELLUS
ON CONCENTRATION OF
EXCHANGEABLE NUTRIENTS IN
THE SOIL OF ISOLATORS

Concentrations of most important cati-
ons and anions were more variable in the soil
than in earthworm casts as a result of differ-
ences in the abundance and composition of
microbial communities, nutrient transport
with ground water, and presence of plant
roots in the soil.

The concentration of exchangeable cal-
cium in the soil of isolators increased with
depth but no differences were observed
among the variants. Only a small increase in
calcium concentration was noted in the vari-
ants with 2 and 4 individuals of L. rubellus in
the 10—15-cm soil layer (Fig. 19).
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Table 6. The ratio of the numbers of bacterial-feeding to hyphal-feeding nematodes on the successive sampling
dates

Number of earthworms

Sampling date

0 2 -+ 6
after 30 days 5.5 6.5 13.6 5.6
after 60 days 1.9 2.0 34 5.5
after 120 days 34 6.3 3.6 4.6
after 30 days after 60 days after 120 days
40 1 40 5 40 1 -[
o 30 30 4 30 4
E
k=
20 = 20 20 A
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number of earthworms number of earthworms number of earthworms

SE=0.05 %P0 01

Fig. 17. Total Collembola densities (+SE) in relation to L. rubellus numbers (after Makulec et al. 2001)

Potassium, the most mobile of the exam- tically significant relationship was found be-
ined nutrients, can be readily leached from tween L. rubellus density and the
casts, litter, and even from green plant parts.  concentration of calcium or potassium in the
Its concentration was not closely related with  isolated soil (Table 7).
earthworm numbers. The concentration of The concentrations of exchangeable
potassium in the upper soil layer was 4-5-  magnesium and also the content of phosphate
times that in the two deeper layers. No statis-  anion were significantly higher in the isola-
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Fig. 18. Influence of L. rubellus on the total Enchytraecidae numbers (mean + SE)

tors with earthworms, especially in 0-5 cm
and 5-10 cm soil layers (Fig. 19). They were
significantly dependent on L. rubellus den-
sity (Table 7).

In the soil, like in casts, L. rubellus activ-
ity reduced the concentration of exchange-
able iron almost by half, especially in variants
with medium and high earthworm densities
in the isolators (Fig. 19). This was the case of
all the three soil layers.

Manganese concentration showed some
differences only in the top moorsh layer,
where in the variants with 2 and 6 L. rubellus
individuals it was higher than in the control.
The analysis of variance did not show a sig-
nificant effect of L. rubellus density on the
concentration of exchangeable manganese
(Table 7).

5. DISCUSSION

5.1. CHANGES IN LUMBRICIDAE
COMMUNITIES DURING
SUCCESSION AFTER DRAINAGE OF
PEATLANDS, AND DETERMINANTS
OF L. RUBELLUS OCCURRENCE

In natural peat soils, earthworms are
relatively scarce, and represented by only
three species: amphibiotic Eiseniella tetrae-
dra (Sav.), cosmopolitan Dendrobaena oc-
taedra (Sav.), and inhabiting deeper layers of
peat soils Octolasion lacteum (Oerley) (Ta-
ble 1). A similar species composition was
noted by Kipenvarlic (1953) for natural
moss peats in the Polesie region. L. rubellus

Table 7. Results of two-factor ANOVA analysis of exchangeable element contents in soil with different
numbers of L. rubellus. F values and levels of significan ceare given (n =9).

Treatment ; .
Shuthor Sttt wine: Soil layer Interaction
@f. = 3) (d.fv="2) (d.f. = 4)
B P F B E /s
K 224 0.11 75:91 0.000 1.06 0.41
Ca 1.76 0.18 28.87 0.000 0.78 0.59
Mg 6.69 0.002 41.67 0.000 1.69 0.16
Fe 11.84 0.000 6.11 0.007 1.00 0.44
Mn 233 0.09 22.55 0.000 1.29 0.29
P/PO, 10.18 0.000 3591 0.000 3.14 0.02

d.f. — degree of freedom
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Fig. 19. Concentrations of exchangeable elements in isolators with different L. rubellus density

was not found in natural peatlands. This was
confirmed by Furmanczuk (1979), who
conducted intensive studies in the same
meadows.

Already in the first years after peat drain-
age, the number of earthworm species mark-
edly increases (Makulec 1991). In the study
area, it reached the highest value of 6 species
within a short time (Table 1). A similar pro-
cess was observed by Arzamasov ef al.
(1980) in drained Polesian peats and by Ko-
zlovskaja (1980) in Karelia region.

L. rubellus appears already in the first
three years after drainage, and colonizes the
drained peat meadows in very high densities.
Colonization of new areas by this species is
likely to follow various pathways. L. rubellus
is a mobile species, and, as found on polders
and post-exploitation bogs where it was in-
troduced, this species can extend its range by
10-14 m a year (Curry and Boyle 1987,
Marinissen and van den Bosch 1992). In
the Biebrza meadows under study, it can mi-

grate from oak-hornbeam islands and from
farmland. It seems, however, that the coloni-
zation of drained areas is an effect of the
transport of cocoons and young individuals
by water flowing through drainage canals af-
ter spring thaw or intense rainfall. This spe-
cies can survive 31-50 weeks in the soil
permanently submerged, provided that it con-
tains sufficient amount of oxygen (Roots
1956). Also the transport of cocoons on
wheels of agricultural machines and cattle
hoofs can be of some importance to L. rubel-
lus spreading.

The abundance of L. rubellus in a series
of habitats from natural to drained meadows
was closely and positively associated with
the degree of peat moorshing, time after
drainage, and pH (Fig. 5). Among the study
sites, this species showed preference for
meadows with rather low moisture content in
the peat moorsh. Briones et al. (1995), who
analysed the occurrence of earthworms on
over 60 sites with largely varying physico-
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chemical properties, found that environ-
mental factors important to L. rubellus com-
prise medium pH, high soil moisture, low
C/N, medium calcium content, and a high
proportion of fine sand fraction in the soil. In
the study area, pH varied from 5.1 to 6.9, and
soil moisture from 52 to 81% (Kaczmarek
1991). The highest densities of L. rubellus
were noted at sites with pH 5.8 and moorsh
moisture about 60%.

In the group of sites drained at about the
same time, the degree of peat mucking had no
effect on mean numbers and biomass of L. ru-
bellus (Fig. 7). A highly positive relationship
was found between L. rubellus numbers (to a
lesser extent also biomass), and the total con-
centrations of nitrogen and phosphorus in the
soil. A similar dependence of this species on
nitrogen resources in the soil was found by
Briones et al. (1992, 1995), Ivask and
Truu (1998), and Didden (2001). Ivask
and Truu (1998) found a negative correla-
tion between L. rubellus numbers and the
concentrations of total phosphorus or phos-
phates but in cultivated soil intensively used
and treated with mineral fertilizers. In peat
meadows, the content of both nitrogen and
phosphorus is crucial to L. rubellus occur-
rence.

The occurrence of L. rubellus in drained
peat bogs was determined by food resources,
pH, moisture, and also by the amount of soil
macropores. The biomass of this species, and
to a lesser extent also its numbers, were nega-
tively correlated with porosity, and positively
with density by volume of the peat (Fig. 7).
Meadows of the Kuwasy fen are character-
ized by a high porosity of 82-88% and a low
density 0f 0.20-0.30 g cm (Churski, unpub-
lished), often due to the drying of the top
moorsh layer, especially in alder peats.
Hence high numbers and biomass of L. rubel-
lus are observed in moss and sedge moorsh
with a lower porosity and higher density of
peat.

In peat moorsh, L. rubellus penetrates a
8—10 cm-layer, thus not so deep as in mineral
soils (Satchell 1955, Francis and Fraser
1998). Most readily it occupies natural mac-
ropores between little decomposed peat frag-
ments, and corridors made by entomofauna
or by roots of dicotyledonous plants. These
spaces are permanently coated with a thin
layer of mucus rich in nitrogen compounds
and exchangeable nutrients secreted by the
metanephridial system. They are places of
microbial and microfaunal proliferation. In

this way, a biologically active area is created,
comprising a several-millimetre zone sur-
rounding corridors of earthworms, often
termed the drilosphere (Bouche 1975,
Brown 1995).

The results of this study and the litera-
ture data show that L. rubellus activity is con-
centrated in two relatively isolated areas of
the soil profile. The first is the soil surface,
where earthworms feed and deposit casts.
The second is the drilosphere, where anions,
cations and nitrogen metabolites are ex-
creted, along with tissues of dead earth-
worms. L. rubellus activity evidently
increases biotic and physico-chemical diver-
sity of the two areas, thus providing mi-
croniches for many edaphic organisms.

5.2. THE EEFEGT OF L. RUBELLUS
ON MICROFLORA AND ENZYMATIC
ACTIVITY OF PEAT SOILS

In mineral soils of the temperate zone,
Lumbricidae deposited in general 17.8-81.0 t
ha™! d.w. of casts in meadows in Switzerland
(Stockli 1928), 91.4 t ha™! in meadows in
Germany (Dreidax 1931), and 18.8-40.4 t
ha™! in a perennial pasture in England (Dar-
win 1881). In soils of drained peat meadows,
L. rubellus alone deposited 12-35 t ha! d.w.
of casts a season (Table 2), that is, almost half
of the amount quoted above for Lumbricidae
communities in fertile mineral soils. Earth-
worm casts retain their form even for several
weeks , depending on the species and its diet,
soil type, moisture, or intensity of precipita-
tion. Then, they split into small, very stable
aggregates that determine the fertility, poros-
ity, water-holding capacity, and aeration of
the top soil layer (Edwards and Bohlen
1996). Their stability is due to fungal hyphae
(Parle 1963b), presence of bacterial mucus,
and mineral-organic substances, mainly cal-
cium humates (Shaw and Pawluk 1986).

Microfloral composition and abundance
of earthworm casts depend on many factors.
Food preference of a species is important.
According to Lee (1985), this is the only fac-
tor determining the commonly observed in-
crease in the total abundance of
microorganisms in casts. It has been found
that all epigeic earthworm species show a
higher preference for organic matter mixed
with soil as their food than for organic resi-
dues alone, without admixture of mineral
components (Doube et al. 1995). Enormous
amounts of microbes pass through the gut of
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earthworms with food, and a large part of
them is digested. Protozooans, algae, broken
up fungal hyphae, and dead plant residues are
readily decomposed in the guts of many spe-
cies(Edwards and Fletcher1988, Brown
1995). In the fore section of L. rubellus gut,
Kristtifek et al. (1994) observed under mi-
croscope dead and digested bacterial cells,
empty fungal hyphae, and scarce live bacte-
ria, the number of which increased in the hind
part of the gut.

Epigeic earthworm species have a rich
and diverse system of digestive enzymes, in-
cluding cellulase (Tracey 1951, Harten-
stein 1982, Urbasek and Pizl 1991,
Brown 1995, Kavian et al. 1999). These
enzymes in association with microfloral
exoenzymes allow digestion of different or-
ganic materials contained in the food.

Most studies on the composition and
numbers of microflora in the guts and casts of
earthworms were conducted using L. fer-
restris (Kulinska 1961, Parle 1963a,
Satchell 1983, Subler and Kirsch 1998,
Wolter and Scheu 1999). Studies on L. ru-
bellus were rare, and show rather large differ-
ences in the development of microflora in the
guts of these two species (Daniel and An-
derson 1992, Kristifek et al. 1992, Ped-
ersen and Hendriksen 1993, Kristuafek
etal. 1994).

The time of the passage of food through
the gut of L. rubellus is relatively long and
enhances the proliferation of microflora
(Daniel and Anderson 1992). Kristifek
et al. (1992) have found an almost four-time
increase in numbers of bacteria, actinomyce-
tes, fungi, and fluorescent bacteria in the hind
part of L. rubellus gut as compared with the
fore part. It may, thus, be expected that the to-
tal amount of microflora in casts will be mul-
tiplied. But the results of this study (Fig. 8)
showed a more complex pattern. The number
of fungi and cellulolytic microflora in-
creased, whereas the number of bacteria and
actinomycetes decreased. In similar studies
conducted in other peat meadows also a de-
crease, or only a small increase, was observed
in numbers of bacteria, and a clear increase in
numbers of fungi, ammonifying microflora,
utilising mineral nitrogen, in cellulolytic mi-
croflora, and actinomycetes in casts com-
pared with the top moorsh layer (Makulec
and Chmielewski 2002). It is possible that
when bacteria are numerous in the soil, they
may be digested, or some groups may be in-
hibited, in the gut of L. rubellus. Pedersen

and Hendriksen (1993) using both the plate
method and the direct count noted that the
abundance of bacteria in mixed casts of L. ru-
bellus, L. castaneus, and L. festivus was re-
duced to one-tenth as compared with their
abundance in cattle dung supplied as food.
The authors added selected strains of four
common Gram-negative bacteria to the sub-
strate, and they found large differences in
their survival in the gut of earthworms. The
densities of two species in casts were lower
than in the potential food, whereas the con-
centrations of the two remaining species did
not noticeably changed in the gut and casts.

Daniel and Anderson (1992) found a
decrease or statistically not significant in-
crease in microfloral biomass, and a concur-
rent significant increase in CO, evolution
from L. rubellus casts compared with the con-
trol soil in a laboratory experiment. This
paradox they explain as a result of the stimu-
lation of microbial metabolic activity in the
gut of L. rubellus. Scheu (1987) observed a
nearly 30% increase in microfloral biomass
in fresh 4. caliginosa casts compared with the
soil.

It can be suggested that the abundance of
microbes in casts is determined not only by
the diet and specific character of transforma-
tions in the gut of earthworms, but also by the
properties of the soil they dwell. In general, in
peats with low microfloral abundance, the
relative increase in casts is higher. An impor-
tant factor is also the season of the year and
the related resources of dead organic matter.
Numbers of microflora in L. rubellus casts in
drained soils of peats in Siberia are increased
in spring and autumn when fresh plant resi-
dues easily decomposable are abundant (K o-
zlovskaja 1976). In summer, when
earthworms forage on older and more resis-
tant to decomposition materials, the total
abundance of microflora in casts is reduced.

The obvious increase in the abundance
of fungi may be an effect of the fragmentation
of hyphae during ingestion and comminution
of plant residues, enhancing spore develop-
ment, and fast spreading of microbes during
the first hours after cast deposition (Brown
1995). Laboratory experiments showed an
unusual preference of L. rubellus for fungi,
including the genera Fusarium and Clado-
sporium (Bonkowski ef al. 2000). Earth-
worms of this species ingested up to 75% of
the hyphae already after six days of the ex-
periment. But the authors stated that the
abundant development of the hyphae of some
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species was a signal providing information
on the degree of plant material decomposi-
tion, rather than a direct source of food for L.
rubellus. Individual L. ferrestris captured in
the field contained in the gut hyphae of the to-
tal length exceeding 5 times the length of hy-
phae in the surrounding soil (Wolter and
Scheu 1999). No significant differences
were found in the concentration of fungi be-
tween the fore and hind portions of the gut,
implying that they were not digested in the
gut. But direct observations by Kristifek
et al. (1994) show that the content of frag-
mented fungal hyphae is digested.

The ratio of bacteria to fungi in the casts
was lower than in the top soil layer. This indi-
cates an increased and more efficient accu-
mulation of organic matter in casts, and
capture of the released nutrients. The C/N ra-
tio in bacterial cells is relatively stable and
equals to 4:1, whereas in fungal biomass it is
generally higher and equals to 10:1 on the av-
erage (Paul and Clark 1996). This implies
that fungi immobilize soil nitrogen to a lower
extent than do bacteria of similar biomass.

In drained peat meadows, actinomyce-
tes play an important role. Generally it is ar-
gued that their main function is
decomposition of complex organic sub-
stances constituting the bulk of the drained
peat. In this way they may be responsible for
the biological decomposition of drained
moorsh (Roguski and Bienkiewicz 1967,
Okruszko 1993). Thus, decline in their
abundance can reduce the rate of biological
peat oxidation in the casts.

Organic matter, mainly particulate plant
debris, forms over 40% of the food mass in
the hind portion of L. rubellus gut (Rozen
et al. 1995). This provides an excellent sub-
strate for the development of cellulolytic mi-
croflora in earthworm casts (Fig. 8). As
numbers of bacteria and actinomycetes de-
cline in the casts, it may be suggested that this
physiological group consists mainly of fungi.
Increased activity of cellulolytic organisms,
and also hemicellulolytic, amylolytic, and
proteolytic organisms, was also observed by
Loquet etal. (1977).

A large part of soil urease derives from
plants (Skujins 1967). Thus, its clearly in-
creased activity in casts may to some extent
be an effect of the accumulation of dead or-
ganic matter contained in the food of L. ru-
bellus (Fig. 9). The excretion of large
amounts of urea through the metanephridial
system of earthworms (Needam 1957) also

enhances its activity . It has been found that
an adult L. rubellus excretes about 580 pg of
mineral nitrogen per gram biomass per day
(Whalen et al. 2000).

A statistically significant manifold in-
crease in urease and dehydrogenase activity
in casts of this species was noted in the soils
of three meadows that differed in the origin of
peat moorsh (Makulec and Chmielewski
2002). This provides evidence for a high
metabolic activity of casts, and corroborates
the results of respiration measurements de-
scribed above.

Thus, the microfloral abundance in casts
primarily depends on the species of earth-
worm and its food selectivity, but also on the
composition and actual abundance of mi-
crobes in the soil, on their activity and resis-
tance to conditions in the gut, and on
competitive and antibiotic interactions
among microorganisms themselves.
Kristufek et al. (1993) isolated 8 strains of
actinomycetes of the genus Streptomyces
from L. rubellus guts, as compared with 15
recorded from 0-10 cm soil layer. Most of
them had antibiotic properties for Gram-
positive bacteria and fungi.

In the second area of L. rubellus activity,
that is, in the drilosphere, the interactions of
this species with microbes are more complex.
This is mostly a result of more complex inter-
actions, usually bilateral, in which also other
important edaphon components are involved,
such as micro- and mesofauna. Seasonal
variation is also important.

In the experimental soil, unlike in the
casts, the abundance of bacteria increased in
the presence of L. rubellus, especially in the
initial period. Already after one month, bac-
terial density can be twice as high at a high
earthworm density (Fig. 11). This, however,
could have been due to a marked decline in
densities of nematodes feeding on bacteria to
a larger extent than the stimulating effect of
earthworms (Fig. 15). But in a period longer
than 30 days, the effect of the number of indi-
viduals (4/isolator) prevailed. It is, thus, pos-
sible that at the highest L. rubellus densities,
the turnover of bacterial biomass was faster at
its relatively lower standing crop.

Also Zrazevskij (1957) found a three-
fold increase in bacterial abundance in peat
soil after the introduction of earthworms or
their casts. Atlavinyte (1975) noted in pot
experiments a five-fold increase in the abun-
dance of microbes when earthworms were
present in mineral soil.
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Unlike in the casts, the abundance of
fungi in the soil dwelled by earthworms was
significantly lower, especially at the begin-
ning and at the end of the experiment. As the
total abundance of bacteria increased in the
peat, this means that the ratio of bacteria to
fungi increased, and as a consequence the ac-
cumulation of organic carbon could be re-
duced, the rate of soil mineralization could
increase, and the competition for soil nitro-
gen could be intensified. An increase in bac-
terial to fungal biomass in the forest soil
colonized by earthworms was also observed
by Scheu and Parkinson (1994) in a mi-
crocosm experiment with epigeic D. octae-
dra.

An increase in fungi in the gut of L. ru-
bellus (Kristifek ef al. 1992) and, conse-
quently, in casts is indicative of a stimulating
effect of this species, probably through en-
hancing the development of some spores
(Brown 1995). This effect, however, is lim-
ited to the soil top layer, where casts are de-
posited. In the 0-10-cm soil layer, the
abundance of fungi was reduced, probably as
a result of grazing on fungi and competitive
interactions between microbes, difficult to
identify, also because of micro- and meso-
fauna activity. After 30 and 120 days of the
experiment, also densities and proportions of
nematodes feeding on fungi were reduced in
the isolators with L. rubellus, probably as a
result of reduced food resources, or direct
consumption by earthworms. Zhang and
Hendrix (1995) conclude that the grazing
by L. rubellus can interrupt a specific “fungal
bridge” created by hyphae between the litter
and deeper soil horizons, impairing its
growth and development, and it can limit the
movement of organic carbon down the soil
profile.

Actinomycetes, because of their partici-
pation in the decomposition of aromatic com-
pounds, including soil humus, can be
responsible for the decomposition and disap-
pearance of “old” peat (Myskow 1968, Ok-
ruszko 1993, Paul and Clark 1996). In
casts, this process is limited by the presence of
“fresh” plant debris and reduction of actino-
mycete density (Fig. 8). In peat moorsh, in
summer months, when the input of easily de-
composable litter to the soil is small, earth-
worms enhance the development of these
microorganisms, and by doing this they may
contribute to the disappearance of peat.

The densities of two interconnected
groups of microorganisms participating in

the transformation of soil nitrogen, that is,
ammonifying bacteria and microorganisms
using mineral nitrogen, followed a similar
patterns of changes on successive sampling
dates. Their densities were similar and high-
est after 60 days of the experiment (Fig. 11).
This similarity is indicative of an intensive
decomposition of organic nitrogen com-
pounds, combined with an equally intensive
assimilation of mineral forms of nutrients by
microorganisms. It suggests a rather eco-
nomical allocation of soil nitrogen, and its
high immobilization in the biomass of micro-
organisms, roots, and fauna in the soil with
earthworms. Haimi and Huhta (1990) and
Haimi and Boucelham (1991) noted a
high increase in the concentration of mineral
nitrogen in leachates from mesocosms with
L. rubellus from poor forest soil. In similar
experiments, Brown ef al. (1995) observed
an almost 10-fold increase in the rate of nitro-
gen release from the litter in presence of L.
rubellus, as compared with the control soil.
They did not find, however, changes in the
concentration of mineral nitrogen in the soil.

L. rubellus showed preference for soils
rich in nitrogen (Fig. 7), and has a high de-
mand for its organic form (Satchell 1967).
Tissues of this species contain 8.45% nitro-
gen in ash-free mass (Parmelee and
Crossley 1988), and a daily turnover of this
nutrient is about 3% (calculated from
Whalen et al. 2000). At high earthworm
densities in isolators, a large part of nitrogen
is bound in their tissues. This is indicative of
a rather strong competition for this nutrient
among live components of the soil, and of a
rather low level of mineral forms of nitrogen
in peat moorsh.

This suggestion is further supported by
high levels of microbial biomass C in the
field experiment (Fig. 13). In peat soils, after
120 days of the experiment, microbial bio-
mass C in the 0-5-cm moorsh layer was
higher by 48% and 25% in the variants with 4
and 6 earthworms of L. rubellus, respec-
tively, as compared with the control (Fig. 13).

Brown et al. (1995) did not find signifi-
cant changes in the biomass of microorgan-
isms in a 60-day laboratory experiment with
L. rubellus. In contrast, Hendrix ef al.
(1998) observed a significant decrease in mi-
crobial biomass at sites occupied by L. rubel-
lus and A. caliginosa on uncultivated sandy
and loamy soils. A decrease in microbial bio-
mass was also noted by Ruz-Jerez et al.
(1992), and Zhang and Hendrix (1995) in
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pot experiments with L. rubellus. Blair et al.
(1997) found an increase in microbial
biomass-N after the reduction of earthworm
density by 70%. Microbial respiration sig-
nificantly increased in the soil with L. rubel-
lus (Ruz-Jerez et al. 1992, Brown et al.
1995). In mesocosm experiments with L. rubel-
lus, the respiration of soil microflora increased
by 15-18% (Haimi and Huhta 1990).

Absence of agreement between the re-
sults of the present study and the results of the
studies reported above may be ascribed to spe-
cific properties of peat soils typically charac-
terized by higher densities of microflora, as
compared with those in mineral soils. Moreo-
ver, the majority of the cited authors used the
fumigation-incubation method for estimating
biomass, and experiments were conducted in
small and closed vessels filled with a specifi-
cally prepared soil. Except for the field studies
conducted by Brown et al. (1995), the experi-
mental L. rubellus densities did not exceed
200 ind. m2, which corresponds to the lowest
variant in the experiment in peat soils. Tiu-
nov and Scheu (2000) found that the micro-
bial biomass-C increased 2.3—4.7 times
around corridors and burrows of L. terrestris,
the species with a diet similar to that of L. ru-
bellus. Subler et al. (1997) also found a sig-
nificant increase in microbial biomass-N on the
plots with L. terrestris addition. As noted ear-
lier, L. rubellus most readily uses the already
existing soil macropores, ingests microorgan-
isms mainly with plant debris and only to a low
extent with peat moorsh, and it may be ex-
pected that the total microbial biomass will in-
crease in the area of its occurrence, especially
when the possibility of the movement of this
species is limited.

Primarily, nematodes feeding on bacte-
ria and fungi, ingesting and digesting soil mi-
croorganisms, have a direct effect on the
biomass and numbers of microflora (Trofy-
mov and Coleman 1982). At the end of the
experiment, densities of these two groups
were lower in variants with 4 and 6 L. rubel-
lus, as compared with the control (Fig. 15).
This may explain the increase in the total bio-
mass of microorganisms observed at the end
of the experiment.

Microorganisms in the isolators with
earthworms had a high metabolic activity, as
indicated by a higher dehydrogenase level in
the variants with 4 and 6 earthworms during
the first two months of the experiment. This
is indirectly confirmed by the rate of cellu-

lose decomposition which was higher in the
isolators with L. rubellus (Fig. 14). An in-
creased decomposition rate of plant material
in the presence of this species was also ob-
served by Haimi and Huhta (1990),
Haimi and Boucelham (1991), Ruz-
Jerezetal . (1992),and Brown et al. 1995).
Cellulolytic microorganisms responsible
for this process were more abundant, like in
casts, in the isolators with different L. rubellus
densities in the first two sampling periods. At
the end of the experiment, their numbers in the
isolators with earthworms declined, probably
as a result of the depletion of food substrate.

5.3.'THE EEEECT ‘OF L, RUBELLUS
ON THE CONTENT OF
EXCHANGEABLE NUTRIENTS
AND HUMUS COMPOSITION
IN PEAT SOILS

As a result of digestive processes in the
gut and microbial activity in casts, the con-
centrations of exchangeable potassium, mag-
nesium, and phosphorus increased, and those
of iron and calcium decreased in the casts
(Fig. 10). L. rubellus has well developed cal-
ciferous glands. Their secretion neutralizes
acid components of the diet (Piearce 1972).
Calcium is resorbed in the hind portion of the
gut to the vascular system, and retained in
glands. A part of calcium is bound by com-
plex organic substances in the gut content, by
bacterial mucus, and by humic acids, this
having a stabilizing effect on soil aggregates.
As found by Shipitalo and Protz (1988),
casts of L. rubellus are more durable than
those of L. ferrestris due to a higher content
of organic matter.

Most authors noted an increase in total
and exchangeable calcium in earthworm
casts from mineral soils (Lunt and Jacob-
son 1944, Graff 1971, Czerwinski ef al.
1974) and in laboratory cultures (Basker et
al. 1993). Differences are likely to be a result
of specific properties of peat moorsh. The
content of exchangeable calcium in them is
over five times higher than in mineral soils
described in the cited papers. Selective feed-
ing by L. rubellus, resorption in the gut, and
formation of mineral-organic chelates reduce
the concentration of calcium in casts.
Basker ef al. (1994) found that L. rubellus
inhabiting soils rich in exchangeable cal-
cium, potassium, and magnesium deposited
casts with reduced concentrations of these
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cations, whereas in poor soils they observed
increased concentrations of these nutrients.

It was previously found that pH of L. ru-
bellus casts was higher than that of the soil in-
habited by earthworms (Chmielewski and
Makulec 1993). Under these conditions, a
part of exchangeable iron can be transformed
into insoluble forms. Also soil microorgan-
isms proliferating in casts use much iron
(Paul and Clark 1996). Consequently, the
content of available iron in casts may be re-
duced.

The concentration of phosphate ion
shows a particularly high increase in casts.
Lunt and Jacobson (1944) found similar
relations when analysing casts derived from
different earthworm species in ploughed
soils. Springett and Syers (1979) recorded
16.7 ug g' soluble inorganic phosphorus in
L. rubellus casts, as compared with 6.7 ug g”'
in the control soil. Graff (1971) recorded an
over 7-fold increase in the content of soluble
phosphorus in casts from meadow soils.

Such a high saturation of casts with cati-
ons and anions important for plants can cause
a negative geotropism in roots, their horizontal
growth, or growing into L. rubellus casts from
below (Syers and Springett 1983). On the
other hand, however, there is a danger of
leaching these nutrients to ground waters, es-
pecially when the soil sorption complex is
weakly developed as it is often the case in
ploughed soils (Le Bayon and Binet 2001).

Earthworm casts contained more fulvic
acids and less humin acids as compared with
the upper layer of peat moorsh (Table 4). This
is primarily a result of selective foraging by
earthworms. L. rubellus feeds mainly on
plant debris in various stages of decomposi-
tion, already containing fulvic acids and
small amounts of peat moorsh in which hu-
mic acids prevail. It cannot be excluded,
however, that these substances are also pro-
duced in earthworm guts and in casts with
participation of microflora. Neuhauser and
Hartenstein (1978) suggest that complex
processes of polymerization of aromatic
compounds occur in the guts of many earth-
worms, including production of soil humus,
this being indicated by a high peroxidase ac-
tivity, that is, enzymes determining these pro-
cesses. Zrazevskij (1957) found a 20-30%
increase in the total humus content in L. ru-
bellus casts, compared with its content in the
soil, depending on the kind of the litter sup-
plied for earthworms as food. Also in mineral
meadow soils, over two-fold increase was

found of the content of carbon and total nitro-
gen, and a 70% increase in the proportion of
humin and fulvic acids in casts of this species
as compared with the upper layer of the soil
profile (Makulec and Kusinska 1995,
1997). These examples may imply that L. ru-
bellus is one of the best species that can di-
rectly or indirectly influence and restore soil
humus, especially in the surface layer, where
casts are deposited. In this area, L. rubellus
can replenish humus losses caused by bio-
logical oxidation of peat moorsh.

However, no changes were observed in
the composition of soil humus after four
months of the experiments in isolators with
different earthworm densities. The develop-
ment of humus is a slow and prolonged pro-
cess, difficult to detect after such a short time,
especially that peat moorsh is extremely rich
in humus.

The increased activity of most micro-
flora groups, intensive decomposition of
plant material in the presence of L. rubellus,
and movements of cations and anions from
casts accounted for an increase in the concen-
tration of exchangeable nutrients also in the
soil of isolators (Fig. 19). L. rubellus pene-
trates the top layer of the soil profile, and the
greatest changes occur in this layer. But be-
cause of a high demand for these nutrients by
microorganisms and roots, the scale of these
differences is smaller than in the casts. An-
derson et al. (1983) found an over two-fold
increase in concentrations of sodium, potas-
sium, and calcium in extracts from forest soil
in microcosms with L. rubellus.

Plant production is an indirect indicator
of intensive release of exchangeable nutrients
in soils colonized by earthworms. Atlavi-
nyte (1975) observed an increase in barley
yield by 78-96% after the introduction of
400-500 individuals m of 4. caliginosa into
the soil. In microcosm experiments with three
L. rubellus individuals, the biomass of birch
seedlings after one year of the experiment
was higher by 24%, and their leaves con-
tained more nitrogen, as compared with the
control variant (Haimi et al. 1992).

5.4. THE EFFECT OF L. RUBELLUS
ON SOIL MICRO- AND MESOFAUNA
5.4.1. NEMATODA

Earthworms can affect soil nematode
communities in various ways. They may re-
duce the abundance of their food resources
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such as microflora, or directly ingest and di-
gest nematodes with plant residues and soil
(Piearce and Phillips 1980). In the latter
case, they can eliminate eggs, larvae and
adults. Dash et al. (1980) observed this in
tropical  geophagous  species.  Also
Hyvénen et al. (1994) argue that a decrease
in nematode abundance in the presence of
Dendrobaena octaedra in forest soils was a
direct effect of earthworm grazing.

Yeates (1981) found a 66% decline in
numbers of free-living nematodes in mineral
soils abundantly colonized by earthworms.
Roessner (1986) investigated the effect of 8
Lumbricidae species, including L. rubellus,
on soil nematodes by analysing their casts.
He found almost total absence of plant para-
sites and a clear stimulation of bacterivorous
nematodes. But as the present results show,
these changes are not reflected in the soil in-
habited by earthworms. The number of nema-
todes feeding on plants did not markedly
change in the soil of isolators with L. rubel-
lus, and often it was higher than in the con-
trol, and their proportions in the total commu-
nity increased (Fig. 15). This may be a
specific feature of meadow soil, associated
with a great mass of roots in a large part of the
soil profile. Moreover, large amounts of ex-
changeable nutrients and, possibly a better
develoment of root systems, in the presence
of L. rubellus provide suitable conditions for
the development of this trophic group. Also
the fact that L. rubellus most readily used al-
ready existing corridors and burrows causes
that this group of nematodes is rather outside
the area of its direct effects.

At the end of the first month of the ex-
periment, the density of fungi significantly
decreased, whereas the number of bacteria in-
creased, as compared with the control (Fig.
11). These changes could be directly depend-
ent on bacterivorous nematodes. Reduction
of their densities in the variant with 4 and 6
earthworms probably enhanced bacterial pro-
liferation in these combinations. On succes-
sive sampling dates, high bacterial densities
were associated with low abundance of bac-
terivorous nematodes (Figs 11 and 15).
Nematodes feeding on fungi were generally
more abundant in the control variant as com-
pared with the other variants, and their num-
bers and proportions steadily declined. Their
response to fluctuations in food resources
was markedly slower than in nematodes feed-
ing on bacteria (Bouwman and Zwart
1994), hence the observed changes could

have been a delayed effect of changes occur-
ring between sampling dates.

5.4.2. COLLEMBOLA

Most authors emphasized that earth-
worm activity enhances an abundant occur-
rence of collembolans due to increasing the
amount of free spaces and the content of par-
ticulate organic matter in the soil. Marinis-
sen and Bok (1988) compared collembolan
communities in soils of polders colonized by
earthworms with those where earthworms
were absent. They found that numbers of
large species increased, and typically indi-
viduals of the remaining species were larger,
in the soil with earthworms. But using similar
food resources, modifying soil microflora,
large sizes, and higher mobility of earth-
worms, they are predisposed to exert a strong
competitive impact on the main mesofaunal
groups.

In mesocosms with L. terrestris, collem-
bolans were significantly less abundant than
in the control after two and three months of
the experiment (Lagerldf and Lofs-
Holmin 1987). A considerably smaller spe-
cies, Dendrobaena octaedra, slightly en-
hanced the development of springtails after 3
months in a lysimetric experiment, whereas it
significantly reduced their numbers at F and
G horizons of forest soil after 6 months of the
experiment (McLean and Parkinson
1998). Also L. rubellus in forest soils reduced
numbers of collembolans 3—5-times after 45
and 93 days of the experiment (Haimi and
Boucelham 1991). It can thus be concluded
that earthworms reduce collembolan abun-
dance, but this effect can be observed only at
high densities of the two groups, for example,
at seasonal peak numbers, and also in the
situation of limited mesofaunal movements
as it is the case in field and laboratory experi-
ments. The possible mechanism of this pro-
cess is the reduction of fungal density and soil
detritus — the primary source of food for col-
lembolans, by earthworm activity (Petersen
and Luxton 1982).

5.4.3. ENCHYTRAEIDAE

Healey (1980) stated that abundant oc-
currence of enchytraeids in acid soils was as-
sociated with the absence of earthworms, the
main competitor for food. In the soils of
drained peat fens in the Biebrza river valley,
both families of oligochaetes form large den-
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sities with maxima in similar periods of the
season (Makulec 1996). But in experimen-
tal studies, densities of enchytraeids most of-
ten decline in the presence of earthworms.
Haimi and Boucelham (1991) found that
numbers of Cognettia sphagnetorum were re-
duced by half after 45 weeks of culture in mi-
crocosms with L. rubellus. A similar effect of
this species was also observed in an experi-
ment conducted in a sedge-peat meadow
(Makulec 1996). Lagerolf of and Lofs-
Holmin (1987) noted a significant decline
in enchytraeid numbers after 2 and 3 months
of culture in pots with L. terrestris as com-
pared with the control variant. On the other
hand, introduction of earthworm casts to min-
eral soils enchanced enchytraeid abundance
(Makulec and Pilipiuk 2000).

No clear effect of earthworms on the to-
tal density of enchytraeids was found in the
field experiment on peat meadows (Fig. 18).
During the first two months of the experi-
ment, numbers of enchytraeids were very
high in isolators, often higher than in soils of
very fertile peat meadows (Makulec 1996).
These high densities could be maintained
probably due to the limited access of preda-
tors to the isolators.

6.SUMMING UP AND
CONCLUSIONS

To sum up, drained Biebrza fens were
rapidly colonized by L. rubellus. Already in
the first years after drainage they reached
high densities and biomass (Makulec
1991). They showed preference for moder-
ately and highly moorshed soils with high
contents of nitrogen and phosphorus, low
C/N, moderate porosity, and moderate mois-
ture.

In the top layer of the peat moorsh, L. ru-
bellus consumed large amounts of plant resi-
dues, and it deposited casts rich in fungi,
cellulolytic organisms, and with a higher en-
zymatic activity than that of the soil (Figs 8
and 9). High concentrations of the analysed
exchangeable nutrients and the reported lit-
erature data are indicative of a high metabolic
activity of casts, and intensive mineralization
processes. Concurrently, processes of the ac-
cumulation of organic matter, including the
development of humus, take place (Table 4).
At decreasing numbers of bacteria and
actinomycetes, mostly fungi contributed to

these processes. As a result of microbial
metabolic activity, and due to processes oc-
curring in earthworm guts, the content of ful-
vic acids, which are precursors of most stable
forms of humus, increases in the casts. As
L. rubellus deposits large amounts of casts
(Table 2), this is an important source of
“new” humus for peat moorsh. This process
and a decrease in actinomycete abundance
can slower the biological peat decomposi-
tion.

At high L. rubellus densities in the upper
layer of peat moorsh, proportions of humifi-
cation and mineralization processes in the to-
tal of soil organic matter transformations can
differ from those occurring in casts. A pro-
nounced increase in numbers of bacteria, mi-
croorganisms responsible for soil nitrogen
transformation, and in some periods also
actinomycetes and cellulolytic microorgan-
isms, combined with a decrease in numbers
of fungi, are indicative of a high mineraliza-
tion rate of organic matter (Fig. 11). This is
further confirmed by a high dehydrogenase
activity, high rate of cellulose decomposi-
tion, and periodical increase in numbers of
nematodes feeding on plants (Figs 14
and 15).

L. rubellus reduces densities of nema-
todes feeding on bacteria, and this enhances
soil bacteria and, consequently, increases the
accumulation of carbon and nitrogen in mi-
crobial biomass. When dead organic matter is
in short supply, this situation can lead to a
strong competition for essential nutrients
and, as a result, to the exploitation of soil hu-
mus resources. Thus, within the drilosphere,
high numbers of L. rubellus can indirectly
contribute to reduction of humus in moorsh
peat. The increase in numbers of actinomyce-
tes in variants with different earthworm den-
sities after 60 days of the experiment
confirms this conclusion.

The field experiment only slightly dis-
turbed soil functioning , thus the effects of
L. rubellus activity found in this study can be
considered as occurring also in undisturbed
peat moorsh. This situation is possible in the
periods of spring and autumn peak numbers,
when L. rubellus population attains densities
of 200400 individuals m™. But because of
the high mobility of this species and its active
searching for places of organic matter con-
centration, these effects can last for a rela-
tively short time, and they may be similar to
those found after 30 days of the experiment.
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The complexity of interactions among
the main components of edaphon, and their
effects on major soil processes need further
investigations under conditions as close to
natural as possible.

® L. rubellus colonizes drained soils of
peat meadows merely within 3—5 years after
drainage, and rapidly becomes the dominant
species in terms of its density and biomass.

* This species is most abundant in peat
moorsh with high contents of nitrogen and to-
tal phosphorus, low C/N, moderate porosity,
and moderate moisture.

® Compared with the soil, L. rubellus
casts are centres of more intensive develop-
ment of fungi and cellulolytic microflora and
less intensive development of bacteria and
actinomycetes. As a result of microbial activ-
ity and processes in earthworm guts, they
contain more exchangeable phosphorus,
magnesium, and manganese, and less cal-
cium and iron. In casts, mineralization of or-
ganic matter occurs concurrently with humus
formation.

® Through modifying the composition
and abundance of microflora, nematodes and
mesofauna, high L. rubellus densities
(400-600 ind. m™) in drained peat soils can
speed up the mineralization of dead organic
matter, increase competition for most impor-
tant nutrients, and indirectly contribute to the
biological decomposition of moorsh.
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7. SUMMARY

All the studies were conducted in natural and
drained peat meadows located in the Biebrza river val-
ley (Fig. 1). Field observations were focused on suc-
cessional changes occurring in Lumbricidae
communities with time after drainage. The experimen-
tal study was aimed at estimating the role and impor-
tance of L. rubellus, the dominant species in peat
soils, to the composition and abundance of microflora
and also micro- and mesofauna in the context of orga-
nic matter mineralization and humification.

In the soils of drained peats, 2—6 earthworm spe-
cies were found (Table 1). L. rubellus appeared alrea-

dy 3-5 years after drainage, and it rapidly became the
dominant species reaching high numbers and biomass
(Figs 3, 4, and 6). It showed preference for moderately
or highly moorshed soils with high contents of total
nitrogen and phosphorus, low C/N, moderate porosity,
and moderate moisture (Figs 5 and 7).

This species deposited large amounts of casts
(Table 2) that contained more fungi and cellulolytic
microorganisms, whereas less bacteria and actinomy-
cetes than the upper soil layer (Fig. 8). Casts were also
characterized by a higher urease activity (Fig. 9), hig-
her content of fulvic acids, and higher concentrations
of exchangeable phosphorus, magnesium, and potas-
sium (Tables 3 and 4, Fig. 10). The contents of iron
and calcium ions were lower in casts.

The field experiment was conducted for 4
months in a meadow on alder peat (Figs 1 and 2). Soil
cores 100 cm? in surface area and 15 cm deep were ta-
ken from the meadow, placed in isolators made of ste-
elon mesh screen, and returned to the place from
which they were taken. L. rubellus was introduced to
the isolators in different densities: 2, 4, and 6 indivi-
duals. The control variant was without earthworms.
Samples were taken after 30, 60, and 120 days of the
experiment.

It has been found that at high L. rubellus densities,
numbers of bacteria, ammonifying microorganisms,
microorganisms utilising mineral nitrogen, and tempora-
rily also numbers of actinomycetes and cellulolytic mic-
roorganisms increased, whereas numbers of soil fungi
decreased (Fig. 11, Table 5). Also soil enzymatic activi-
ty, total microbial biomass, and the rate of cellulose
decomposition increased (Figs 12, 13, and 14).

Moreover, L. rubellus had a significant effect on
the composition and abundance of Nematoda. Within
a short time, their total numbers, mostly numbers of
nematodes feeding on bacteria, decreased (Fig. 15).
Also numbers and proportions of fungivorous nemato-
des slightly declined (Fig. 16). Nematodes feeding on
plants were least affected by this species, and in some
periods their densities were higher than in the control
variant. The ratio of nematodes feeding on bacteria to
nematodes feeding on fungi was higher in the soil
with earthworms than in the control (Table 6).

In the periods of high Collembola densities in
peat soils, high L. rubellus densities reduced their nu-
mbers (Fig. 16), probably as a result of competition
for food. L. rubellus had no noticeable effect on num-
bers of Enchytraeidae (Fig. 18).

In the soil of isolators with earthworms, a signi-
ficant increase was found in the contents of exchan-
geable phosphorus and magnesium, whereas a
decrease in the concentration of iron (Fig. 19, Table
7). No changes were found in the contents of potas-
sium, calcium, and manganese ions.

By modifying the composition and abundance of
microflora, nematodes and mesofauna, high L. rubel-
lus densities (above 200 individuals m~2) can increase
the rate of organic matter mineralization, intensify co-
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mpetition for nutrients, especially for nitrogen, and in-
directly they contribute to the biological
decomposition of moorsh in soils of drained peat mea-
dows.

8. REFERENCES

Anderson J. P. E, Domsch K. H. 1978 — A physio-
logical method for quantitative measurement of
microbial biomass in soils — Soil Biol. Biochem.
10: 215-221.

Anderson J. M., Ineson P, Huish S. A. 1983 — Ni-
trogen and cation mobilization by soil fauna fee-
ding on leaf litter and soil organic matter from de-
ciduous woodlands — Soil Biol. Biochem. 15:
463-467.

Arzamasov I. T., Dolbik M. S., Chot’ko E. I, Se-
vcova T. M. 1980 — Vlijanie melioracji na zivot-
nyj mir Belorusskogo Polesja — Nauka i Technika,
Minsk, 174 pp. (in Russian).

Atlavinyte O. 1975 — Ecology of earthworms and
their effect on the fertility of soils in the Lithua-
nian SSR — Mokslas Publishers, Vilnus, 201 pp.
(in Russian).

Atlavinyte O. 1990 — The effect of earthworms on
agrocenoses — Mokslas Publishers, Vilnus, 178
pp. (in Russian).

Basker A., Macgregor A. N, Kirkman J. H. 1993
— Exchangeable potasium and other cations in
non-ingested soil and casts of two species of pa-
sture earthworms — Soil Biol. Biochem. 25:
1673-1677.

Basker A., Kirkman J. H, Macgregor A. N.
1994 — Changes in potassium availability and ot-
her soil properties due to soil ingestion by eart-
hworms — Biol. Fertil. Soils, 17: 154-158.

Blair J. M,, Parmelee R. W, Allen M. F,
McCartney D. A, Stinner B. R. 1997 — Chan-
ges in soil N pools in response to earthworm po-
pulation manipulation in agroecosystems with dif-
ferent N sources — Soil Biol. Biochem. 29:
361-367.

Bonkowski M., Griffiths B. S., Ritz K. 2000 —
Food preferences of earthworms for soil fungi —
Pedobiologia, 44: 666—676.

Bouché M. B. 1972 — Lombriciens de France. Eco-
logie et Systématique — Paris, INRA Publ.

Bouché M. B. 1975 — Action de la faune sur les
etats de la matiere organique dans les ecosystemes
(In: Biodegradation et Humification, Eds. K. Gil-
bertus, O. Reisinger, A. Mourey, J. A. Cancela da
Fonseca) — Pierron, Sarruguemines.

Bouwman L. A, Zwart K. B. 1994 — Thee ecology
of bacterivorous protozoans and nematodes in ara-
ble soil — Agriculture, Ecosystems &Environment
51: 145-160.

Braak C. J. F. ter 1996 — Unimodal models to relate
species to environment. DLO — Agricultural Mat-
hematics Group, Wageningen, 266 pp.

Briones M. J. I, Mascato R., Mato S. 1992 — Re-
lationships of earthworms with environmental fac-
tors studied by means of detrended canonical cor-
respondence analysis. Acta Oecologica, 13 (5):
617-626.

Briones M. J. I, Mascato R., Mato S. 1995 -
Autecological study of some earthworm species
(Oligochaeta) by means of ecological profiles. Pe-
dobiologia, 39 (2): 97-106.

Brown G. G. 1995 — How do earthworms affect mic-
rofloral and faunal community diversity? — Plant
and Soil, 170: 209-231.

Brown G. G, Hendrix P. F., Beare M. H. 1995 —
Influence of earthworms (Lumbricus rubellus) on
soghum litter processing and nitrogen mineraliza-
tion in two Ultisols — Acta Zool. Fennica, 196:
55-59.

Brown G. G, Hendrix P. F., Beare M. H. 1998 —
Earthworms (Lumbricus rubellus) and the fate of
5N in surface-applied sorghum residues — Soil
Biol. Biochem. 30 (13): 1701-1705.

Casida L. E., Klein D. A., Santoro T. 1964 — Soil
dehydrogenase activity — Soil Sci. 98: 371-376.
Chmielewski K., Makulec G. 1993 — Microflora
and enzymatic activity of earthworm (Lumbrici-
dae) casts in hydrogenous soil — Z. Probl. Poste-

pow Nauk Rol. 406: 135-138.

Curry J. P,, Boyle K. E. 1987 — Growth rates, esta-
blishment, and effects on herbage yield of introdu-
ced earthworms in grassland on reclaimed cutover
peat — Biol. Fertil. Soils 3: 95-98.

Czerwinski Z., Jakubczyk H., Nowak E. 1974 -
The effect of earthworms on the pasture soil —
Ekol. Pol. 22 (3/4): 635-650.

Daniel O., Anderson J. M. 1992 — Microbial bio-
mass and activity in contrasting soil materials af-
ter passage through the gut of the earthworm Lum-
bricus rubellus Hoffmeister — Soil Biol. Biochem.
24: 465470

DarwinC. R. 1881 — The formation of vegetable mo-
uld through the action of worms, with observa-
tions on their habits — Murray, London.

Dash M. C,, Senapati B. K., Mishra C. C. 1980 -
Nematode feeding by tropical earthworms — Oi-
kos, 34: 322-325.

Didden W. A. M. 2001 — Earthworm communities in
grasslands and horticultural soils — Biol. Fertil.
Soils, 33: 111-117.

Doube B. M,, Ryder M. H, Davoren C. W, Me-
yer T. 1995 — Earthworms: A down-under delive-
ry service for biocontrol agents of root disease —
Acta Zool. Fenn. 196: 219-223.

Dreidax L. 1931 — Investigations on the importance
of earthworms for plant growth — Arch. Pflanzen-
bau 7: 413-467.



336 Grzegorz Makulec

Edwards C. A. 1998 — Earthworm Ecology — St. Lu-
cie Press, 389 pp.

Edwards C. A, Bohlen P. J. 1996 — Biology and
ecology of earthworms — Chapman and Hall, 426
Pp-

Edwards C. A, FletcherK. E. 1988 — Interactions
between earthworms and microrganisms in orga-
nic matter breakdown — Agric. Ecosyst. Environ.
24:235-247.

Evans A. C., Guild W. J. Mc. L. 1948 — Studies on
the realationships between earthworms and soil
fertility. IV. On the life cycles of some British
Lumbricidae — Ann. Appl. Biol. 35: 471-484.

Flegel M., Schrader S., Zhang H. 1998 — Infuen-
ce of food quality on the physical and chemical
properties of detritovorous earthworm casts —
Appl. Soil Ecol. 9 (1-3): 263-269.

Francis G. S., Fraser P. M. 1998 — The effects of
three earthworm species on soil macroporosity
and hydraulic conductivity — Appl. Soil Ecol. 10
(1-2): 11-19.

Furmanczuk G. 1979 - Badania ekologiczne
dzdzownic (Oligochaeta: Lumbricidae) torfowiska
niskiego w potudniowym basenie Biebrzy [Ecolo-
gical studies on earthworms (Oligochaeta: Lum-
bricidae) of a peat fen bog in southern part of the
Biebrza river basin] — Praca magisterska. UW (in
Polish).

Golley F. B. 1960 — An index to the rate of cellulose
decomposition in the soil — Ecology 41 (3):
551-552.

Graff O. 1971 — Stikstoff, Phosphor und Kalium in
der Regenwurmlosung auf der Wiesenversuchsfla-
che des Sollingprojektes — Ann. Zool. Ecol. Anim.
4:503-512.

Haimi J.,, Huhta V. 1990 — Effect of earthworms on
decomposition processes in Raw humus forest
soil: A microcosmos study — Biol. Fertil. Soils,
10: 178-183.

Haimi J.,, Boucelham M. 1991 — Influence of litter
feeding earthworm, Lumbricus rubellus, on soil
processes in simulated coniferous forest floor —
Pedobiologia, 35: 247-256.

Haimi J., Huhta V., Boucelham M. 1992 -
Growth increase of birch seedling under the influ-
ence of earthworms — a laboratory study — Soil
Biol. Biochem. 24: 1525-1533.

Hartenstein R. 1982 — Soil macroinvertebrates, al-
dehyde oxidase, catalase, cellulase and peroxidase
— Soil Biol. Biochem. 14: 387-391.

Hartenstein R. 1984 — Rate of production and loss
of earthworm biomass in relation to species and
size — Soil Biol. Biochem. 16 (6): 643—649.

Hendrix P. F, Peterson A. C.,, Beare M. H,, Co-
leman D. C. 1998 — Long-term effects of eart-
hworms on microbial biomass nitrogen in coarse
and fine textured soils — Appl. Soil Ecol. 9:
375-380.

Hoffmann G., Teicher K. 1961 — Ein Kolorimetris-
ches Verfahren zur Bestimmung der Ureaseaktivi-
tat in Boden — Z. Pfl. Endhr Dung, 95: 55-63.

Hyvoénen R, Anderson S., M., Persson T. 1994 —
Effects of lumbricids and enchytraeids on nemato-
des in limed and unlimed coniferous mor humus —
Biol. Fertil. Soils, 17: 201-205.

Ilieva-Makulec K., Makulec G. 2002 — The ef-
fect of the earthworm Lumbricus rubellus Hoffm.
on the nematode community in a peat meadow
soil — Eur. J. Soil Biol. 38: 59-62.

Ivask M., Truu J. 1998 — The relationship of Esto-
nian earthworms to local habitat and soil factors —
Pedobiologia, 42: 378-384.

Jones C. G, Lawton J. H, Shachak M. 1994 —
Ogranisms as ecosystem engineers — Oikos, 69:
373-386.

Kaczmarek M. 1991 — Characteristic of the studied
habitats in the Biebrza and Narew old river valle-
ys — Pol. ecol. Stud. 17 (1-2): 7-19.

Kajak A. 1985 — Immediate and remote ecological
consequences of the peat drainage — Pol. ecol.
Stud. 11 (1): 123-150.

Kajak A., Andrzejewska L. Chmielewski K.,
Ciesielska Z., Kaczmarek M., Makulec G.,
Petal J., Wasilewska L. 1985 — Long-term chan-
ges in grassland communities of heterotrophic or-
ganisms on drained fens — Pol. ecol. Stud. 11:
21-52.

Kajak A., Okruszko H. 1990 — Grasslands on drai-
ned peats in Poland (In: Managed Grasslands, Ed.
A. Breymeyer) — Elsevier Science Publishers, B.
V., Amsterdam, pp. 213-253.

Kasprzak K. 1986 — Skaposzczety glebowe, III Ro-
dzina dzdzownice (Lumbricidae). Klucze do ozna-
czania bezkrggowcdéw Polski Tom 6 [Soil oligo-
chaetes III (Lumbricidae). Keys for identification
of invertebrates of Poland,Vol. 6] — PWN, War-
szawa, 187 pp. (in Polish).

Kavian M. F, Ghatnekar S. D., Kulkarni P.R.
1999 — Studies on cellulase of Lumbricus rubellus
— Bioresource Technology, 69: 161-165.

Kempson D, Lloyd M, Ghelardi R. 1963 — A
new extractor for woodland litter — Pedobiologia,
3: 1-21.

Kipenvarlic A. F. 1953 — Ob izmenenii pocvennoj
fauny bolot pod vlijaniem melioracji — Zool. Z. 32
(3): 348-357.

Konecka-Betley K., Czgpinska-Kaminska D.
1993 — Differentration in the content of organic
matter in hydrogenic soils of various degrees of
transformation. Zesz Probl. Nauk Rol. 406:
95-104.

Kononowa M. 1968 — Materia organiczna gleby
[Soil organic matter] — PWRIL, Warszawa, 391
PP-

Kozlovskaja L. S. 1976 — Rol’ bespozvonocnych v
transformacji organiceskogo vescestva bolotnych
pocv — Nauka, Leningrad (in Russian).



The role of L. rubellus in peat soils 337

Kozlovskaja L. S. 1980 — Pocvennaja fauna i bio-
logiceskaja aktivnost osusennych i rekultiviruje-
mych torfjanikov — Nauka, Leningrad 171 pp. (in
Russian).

Kristafek V., Ravasz K., Pizl V. 1992 — Changes
in densities of bacteria and microfungi during gut
transit in Lumbricus rubellus and Aporrectodea
caliginosa (Oligochaeta; Lumbricidae) — Soil
Biol. Biochem. 24 (12): 1499-1500.

Kristufek V., Ravasz K., Pizl V. 1993 — Actino-
mycete communities in earthworm guts and surro-
unding soil — Pedobiologia, 37: 379-384.

Kristufek V., Tajovsky, Pizl V. 1994 — Ultrastru-
ctural analysis of the intestinal content of eart-
hworm Lumbricus rubellus Hoff. (Annelida, Lum-
bricidae) — Acta Microbiologica et Immunologica
Hungarica 41: 283-290.

Kulifniska D. 1961 — Wplyw dzdzownic na mikroflo-
r¢ gleby [Effects of earthworms on soil microflo-
ra] — Acta Microbiologica Polonica, 10: 339-346
(in Polish).

Kuster E., Wiliams S. T. 1964 — Selection of media
for isolation of Streptomyces — Nature 202:
928-929.

Lagerlof J., Lofs-Holmin A. 1987 — Relationships
between earthworms and soil mesofauna during
decomposition of crop residues (In: Soil Fauna
and Soil Fertility, Ed. B. R. Striganova) — Nauka,
Moskwa, pp. 377-381.

Lakanen E. 1962 — On the analysis of soluble trace
elements — Ann. Agric. fenn. 2: 109-117.

Lawton J. H. 1994 — What do species do in ecosy-
stems? — Oikos, 71: 367-374.

Lavelle P. 1997 — Faunal activities and soil proces-
ses: Adaptative strategies that determine ecosy-
stem function — Advances in Ecological Soil Re-
search, 27: 93-132.

Le Bayon R. C,, Binet F. 2001 — Earthworm surfa-
ce casts affect soil erosion by runoff water and
phosphorus transfer in a temperate maize crop —
Pedobiologia, 45: 430—442.

Lee K. E. 1985 — Earthworms, their ecology and rela-
tionships with soils and land use — Academic
Press, 411 pp.

Loquet M., Bhatnagar T., Bouche M. B., Rou-
elle J. 1977 — Essai d’estimation de I’influence
ecologique des lombrices sur les microorganismes
— Pedobiologia, 17: 400—417.

Lunt H. A., Jacobson G. M. 1944 — The chemical
composition of earthworm casts — Soil Sci. 58:
367-375.

Makulec G. 1991 — The effect of long term drainage
of peat soil on earthworm communities (Oligocha-
eta: Lumbricidae) — Pol. ecol. Stud. 17 (3-4):
203-219.

Makulec G. 1993 — Abundance and biomass of eart-
hworms (Lumbricidae) in hydrogenous soils under
various degree of mucking — Z. Probl. Postgpow
Nauk Rol. 406: 119-127.

Makulec G. 1996 — Interactions between eart-
hworms and enchytraeids — Zesz. Nauk. Akademii
Rol. im. H. Koliataja w Krakowie, 47: 147-154
(in Polish).

Makulec G., Chmielewski K. 1994 — Earthworms
communities and their role in hydrogenic soils (In:
Conservation and management of fens, Proc. In-
ternational Symposium, 6-10 June, Warsaw—Bie-
brza, Poland) — Institute of Land Reclamation and
Grassland Farming — Falenty, pp. 417-428.

Makulec G., Chmielewski K. 2002 —Microfloral
abundance and enzymatic activity of Lumbricus
rubellus Hoffm. (Oligochaeta: Lumbricidae) casts
in peat meadow soils — Pol. J. Ecol. 50: 381-387.

Makulec G, Ilieva-Makulec K., Olejniczak
I. 2001 — Influence of Lumbricus rubellus Hoffm.
(Lumbricidae) on micro- and mesofauna in a peat
meadow soil — Zesz. Nauk. Akademii Rol. im. H.
Kotltataja w Krakowie, 75: 107—-116. (in Polish).

Makulec G., Kusinska A. 1995 — The role of eart-
hworms in humus formation on grassland — Acta
Zool. Fennica, 196: 80—82.

Makulec G., Kusiniska A. 1997 — The role of eart-
hworms (Lumbricidae) in transformations of orga-
nic matter and in the nutrient cycling in the soils
of ley meadows and permanent meadows — Ekol.
pol. 45: 825-837.

Makulec G., Pilipiuk I. 2000 — Influence of plant di-
versity and earthworm casts on the abundance and
species composition of the enchytraeids (Oligo-
chaeta: Enchytraeidae) in a lysimetric experiment
—Pol. J. Ecol. 48: 185-193.

Marinissen J. Y. C., van den Bosch F. 1992 —
Colonization of new habitats by earthworms. Oe-
cologica 91 (3): 371-376.

Marinissen J. Y. C, Bok J. 1988 — Earthworm-a-
mended soil structure: its influence on Collembola
populatios in grassland — Pedobiologia, 32:
243-252.

Martin J. P. 1950 — Use of acid rose bengal and Stre-
ptomycin in the plate method for estimating soil
fungi — Soil Sci. 69: 215-232.

Martin N. A. 1982 — The interaction between orga-
nic matter in soil and the burrowing activity of
three species of earthworms (Oligochaeta: Lum-
bricidae) — Pedobiologia, 24: 185-190.

McLean M. A, Parkinson D. 1998 — Impacts of
the epigeic earthworm Dendrobaena octaedra on
oribatid mite community diversity and microart-
hropod abundances in pine forest floor: mesocos-
mos study — Appl. Soil Ecol. 7: 125-136.

Myskow W. 1968 — Influence of microflora on hu-
mus formation — Wiad. Bot. 12: 229-245 (in Po-
lish).

Needam A. E. 1957 — Components of nitrogenous
excreta in the earthworms L. terrestris and E. foe-
tida —J. Exp. Biol. 34 (4): 425-446.

Neuhauser E. F,, Hartenstein R. 1978 — Reactivi-
ty of macroinvertebrate peroxidases with lignins



338 Grzegorz Makulec

and lignin model compounds — Soil Biol. Bio-
chem. 10: 341-342.

O’Connor F. B. 1962 — The extraction of Enchytrae-
idae from soil (In: Progress in soil zoology, Ed. P.
W. Murphy) — London, pp. 279-285.

Okruszko H. 1990 — Wetlands of the Biebrza Val-
ley. Their value and future management — Pol.
Acad. Sci., Warszawa, 107 pp.

Okruszko H. 1993 — Transformation of fen-peat soil
under the impact of draining — Zesz. Probl. Post.
Nauk Rol. 406: 3-75.

Okruszko H., Kozakiewicz A. 1973 — Humifika-
cja i mineralizacja jako elementy skladowe proce-
su murszenia gleb torfowych [Humification and
mineralization as mucking process elements in
peat soils] — Zesz. Probl. Post. Nauk Rol. 146:
63-76 (in Polish).

Parle J. N. 1963a — Microorganisms in the intestine
of earthworms — J. General Microbiol. 31: 1-11.

Parle J. N. 1963b — A microbiological study of eart-
hworms casts — J. General Microbiol. 31: 13-22.

Parmelee R. W,, Crossley D., A, Jr 1988 — Eart-
hworms production and role in the nitrogen cycle
of a no-tillage agroecosystem on the Georgia pied-
mont — Pedobiologia, 32: 351-361.

Paul E. A., Clark F. E. 1996 — Soil Microbiology
and Biochemistry — Academic Press, San Diego,
California, 340 pp.

Pedersen J. C., Hendriksen N. B. 1993 — Effect of
passage through the intestinal tract of detritivore
earthworms (Lumbricus spp.) on the number of
selected Gram-negative and total bacteria — Biol.
Fertil. Soils, 16: 227-232.

Petersen H., Luxton M. 1982 — A comparative
analysis of soil fauna populations and their role in
decomposition processes — Oikos, 39: 288-388.

Pe¢tal J., Churski T. 1991 — Basic physical, chemi-
cal and biotic processes in meadow ecosystems on
hydrogenous soils — Pol. ecol. Stud. 17: 347-358.

Piearce T. G. 1972 — The calcium relation of selec-
ted Lumbricidae —J. Anim. Ecol. 41: 167-188

Piearce T. G. 1978 — Gut contents of some lumbricid
earthworms — Pedobiologia 18: 153-157.

Piearce T. G, Phillips M. J. 1980 — The fate of ci-
liates in the earthworm gut: An in vitro study —
Microbial.col. 5: 313-320.

Plisko J. D. 1973 — Lumbricidae. Dzdzownice. Fau-
na Polski 1 [Earthworms. Fauna of Poland 1) —
PWN, Warszawa, 156 pp. (in Polish).

Raw F. 1959 — Estimating earthworm populations
using formalin — Nature, 184: 1661-1662.

Rodina A. 1968 — Mikrobiologiczne metody bada-
nia wod [Microbiological methods for the study of
waters] — PWRIL, Warszawa (in Polish).

Roessner J. 1986 — Untersuchungen zur Reduktion
von Nematoden im Bodem durch Regenwueremer
— Med. Fac. Landbouww. Rijksuniv. Gent, 51/3b:
1311-1318.

Roguski W., Bienkiewicz P. 1967 — Zanikanie
gleb organicznych w wyniku melioracji [Loss of
organic soil after drainage] — Zesz. Probl. Post.
Nauk Rol. 72: 61-86 (in Polish).

Roots B. I. 1956 — The water relations of eart-
hworms. II. Resistance to desiccation and immer-
sion and behaviour when submerged and when al-
lowed choise of environment — J. Exp. Biol. 33:
29-44.

Rozen A, Fijal K., Gruca B. 1995 — Feeding eco-
logy of some earthworms (Lumbricidae) — Acta
Zool. Fennica, 196: 90-91.

Ruz-Jerez B.E., Ball R. P, Tillman R. W. 1992 —
Laboratory assessement of nutrient release from a
pasture soil receiving grass or clover residues, in
the presence or absence of Lumbricus rubellus or
Eisenia fetida — Soil Biol. Biochem. 24 (12):
1529-1534.

Satchell J. E. 1955 — Some aspects of earthworm
ecology (In: Soil Zoology, Ed. D. K. McE. Kevan)
— Butterworth, London, pp. 180-202.

Satchell J. E. 1967 — Lumbricidae (In: Soil Biology,
Eds. A. Burges, F. Raw) — Academic Press, Lon-
don, pp. 259-322.

Satchell J. E. 1980 — R worms and K worms: A ba-
sis for classifing lumbricid earthworm strategies
(In: Soil Biology as Related to Land Use Practi-
ces, Ed. D. L. Dindal) — Proc. 7" Inter. Coll. Soil
Zool. EPA, Washington DC, pp. 848-854.

Satchell J. E. 1983 — Earthworm microbiology (In:
Earthworm Ecology, Ed. J. E. Satchell) — Chap-
man and Hall, London

Scheu S. 1987 — Microbial activity and nutrient dy-
namics in earthworm casts — Biol. Fertil. Soils 5:
230-234.

Scheu S., Parkinson D. 1994 — Effects of eart-
hworms on nutrient dynamics, carbon turnover
and microorganisms in soils from cool temperate
forests of the Canadian Rocky Mountains — labo-
ratory studies — Applied Soil Ecology, I:
113-125.

Shaw C., Pawluk S. 1986 — Faecal microbiology of
Octolasion tyrtacum, Aporrectodea turgida and
Lumbricus terrestris and its relation to carbon bu-
dgets of three artificial soils — Pedobiologia, 29:
377-389.

Shipitalo M. J., Protz R. 1988 — Factors influen-
cing the dispersibility of clay in worm casts — Soil
Sci. Soc. Am. J. 52: 764-769.

Shipitalo M. J, Protz R, Tomlin A. D. 1988 —
Effect of diet on the feeding and casting activity
of Lumbricus terrestris and L. rubellus in labora-
tory culture — Soil Biol. Biochem. 20 (2):
233-237.

Skujins J. J. 1967 — Enzymes in soil (In: Soil bio-
chemistry, Eds. A. D. McLaren, G. H. Peterson) —
M. Dekker, Inc, N.York, pp. 371-414.

Sparling G. P. 1995 — The substrate-induced respira-
tion method (In: Methods in applied soil micro-



The role of L. rubellus in peat soils 339

biology and biochemistry, Eds. K. Alef, P. Nanni-
pieri) — Academic Press Harcourt, Barce & Com-
pany Publishers, pp. 397-404.

Springett J. A,, Syers J. K. 1979 — The effect of ea-
rthworm casts on ryegrass seedlings (In: Procee-
dings of the 2" Australasian conference on grass-
land ecology, Eds. T. K. Crosby, Pottinger) — Go-
verenment Printer, Wellington, pp. 44—47.

Stockli A. 1928 — Studien iiber den Einfluss der
Regenwiirmer auf die Beschaffenheit des Bodens
— Landw. Jb. Schweiz. 42: 1.

Subler S., Kirsch A. S. 1998 — Spring dynamics of
soil carbon, nitrogen, and microbial activity in ea-
rthworm middens in a no-till cornfield — Biol. Fer-
til. Soils 26: 243-249.

Subler S., Baranski C. M., Edwards C. A. 1997 —
Earthworm additions increased short-term nitro-
gen availability and leaching in two grain-crop
agroecosystems — Soil Biol. Biochem. 29:
413-421.

Syers J. K., Springett J. A. 1983 — Earthworm eco-
logy in grassland soils (In: Earthworm Ecology,
Ed. J. E. Satchell) — Chapman and Hall, London,
pp. 67-83

Tiunov A. V., Scheu S. 2000 — Microbial biomass,
biovolume and respiration in Lumbricus terrestris
cast material of different age — Soil Biol. Bio-
chem. 32: 265-275.

Tracey M. V. 1951 — Cellulase and chitinase of eart-
hworms — Nature (London) 167: 776.

Trofymov J. A, Coleman D. C. 1982 — The role of
bacterivorous and fungivorous nematodes in cellu-
lose and chitin decomposition in the conentex of a
root/rhizosphere/soil conceptual model (In: Nema-
todes in Soil Ecosystems, Ed. D. W. Freckman) —
University of Texas Press, Austin, pp. 117-138.

Urbasek F., PiZl V. 1991 — Activity of digestive en-
zymes in the gut of five eartworm species (Oligo-
chaeta: Lumbricidae) — Revue d’Ecologie et de
Biologie du Sol, 28: 461-468.

Whalen J. K., Parmelee R. W., Subler S. 2000 —
Quantification of nitrogen excretion rates for three
lumbricid earthworms using 15N - Biol. Fertil So-
ils, 32: 347-352.

Wolter C., Scheu S. 1999 — Changes in bacterial
numbers and hyphal lengths during the gut passa-
ge through Lumbricus terrestris (Lumbricidae,
Oligochaeta) — Pedobiologia, 43: 891-900.

Yeates G. W. 1981 — Soil nematode populations de-
pressed in the presence of earthworms — Pedobio-
logia, 22: 191-195.

Zhang Q. L., Hendrix P. F. 1995 — Earthworm (Lu-
mbricus rubellus and Aporrectodea caliginosa) ef-
fects on carbon flux in 50il — Soil Sci. Soc. Am. J.
59: 816-823.

Zrazevskij A. 1. 1957 — Dozdevyje czervi kak faktor
plodorodija lesnych poév — Izd. AN UCCP, Kiev,
271 pp. (in Russian).

(Received after revising February 2002)



