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Summary
Lasius flavus is a dominant mound-building ant species of temperate grasslands that
significantly modifies soil parameters. These modifications are usually the result of
workers’ activities such as food accumulation and nest construction. An alternative
hypothesis that could explain changes in soil is colony founding in areas of higher soil
fertility.

In our study we investigated several soil parameters sampled in 10 ant nests and
adjacent (control) plots in mountain grassland in Slovakia. The alternative hypothesis
was tested by comparing occupied and abandoned mounds. While we found increased
concentrations of available P and K in the nests, concentrations of total C, total N,
Ca2+ and Mg2+ were lower there. We propose that differences found between the soil
of nests and control plots are entirely a product of ant activity during mound
occupancy and not due to initial soil differences during nest establishment. This was
confirmed by the comparison of occupied and abandoned nests in which the soil
fertility of abandoned nests was similar to conditions in the surrounding soil.

Along with the modification of soil chemistry, we recorded changes in soil physical
properties and the vertical distribution of nutrients. Ant nests were characterized by
the dominance of 0.02–0.1mm particles and lower bulk density. In the same habitat,
nutrient concentrations did not change along the vertical gradient in contrast to
control plots where soil nutrients decreased and bulk density increased with depth.
Root biomass followed the vertical pattern observed with nutrients: in control plots,
most roots were concentrated in the uppermost layer (0–3 cm), whereas they were
evenly distributed along the vertical gradient in the nests. We also found that rhizome
5 Elsevier GmbH. All rights reserved.
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internodes of Agrostis capillaris were thinner and longer in plants from the mounds.
Changes in soil physical properties, vertical distribution of nutrients and root biomass
in the nests are most probably a consequence of mounding and soil mixing
(bioturbation), which has been less reported on in ant-soil studies.
& 2005 Elsevier GmbH. All rights reserved.
Introduction

Ground ants together with earthworms and
termites, belong to the principal groups of inverte-
brates that influence soil processes in terrestrial
ecosystems (Lavelle et al., 1997). Ants change
physical and chemical parameters of the soil by
bioturbation and by accumulation of organic
material. Due to the building of below-ground
galleries, mounding and material mixing, the soil
of ant nests is characterized by the impeded
formation of soil horizons, increased porosity,
drainage and aeration, reduced bulk density and
modified texture and structure. Increased content
of organic matter, P, N and K in the nests is due to
food storage, aphid cultivation, and accumulation
of faeces and ant remains (Hole, 1981; Paton et al.,
1995; Lavelle et al., 1997; Folgarait, 1998).

Although food storage and nest construction are
the most obvious explanations for soil changes
(Pętal, 1980; Dean et al., 1997; Folgarait, 1998), an
alternative hypothesis suggests that differences in
ant nest soil and the surrounding soil are a
reflection of the initial soil conditions during nest
establishment. This hypothesis assumes that ferti-
lized queens initiate the construction of their nests
selectively in patches with higher soil fertility. To
date, there is very limited knowledge about the
effect of soil properties on colony founding.
Johnson (1998) tested the effect of soil type and
moisture on colony establishment of two species of
Pogonomyrmex and found a significant effect for
both factors. However, in another study by Wagner
et al. (2004), in an analysis of mounds of various
ages, there was no evidence that colonies of
Pogonomyrmex barbatus prefer more fertile soils
during the establishment phase.

Whatever the cause of soil modification, ant-
influenced soil environment affects the activity and
abundance of other soil biota, such as soil micro-
organisms (fungi, bacteria, actinomycetes), nema-
todes and soil insects (Jacubczyk et al., 1972;
Blomquist et al., 2000). Ultimately, soil abiotic and
biotic changes generated by ants have an effect on
the performance and diversity of vascular plants
(King, 1977; Culver and Beattie, 1983; Rissing,
1986; Carlson and Whitford, 1991; Dean et al.,
1997).
The effect of ant-induced soil modification on
plant performance and vegetation pattern is well
documented. Ant nests are known to enhance
germination and seedling survival (Culver and
Beattie, 1980; Dean and Yeaton, 1992), seed
production (Rissing, 1986; Dean and Yeaton, 1993a)
and plant growth (Dean and Yeaton, 1993b). Plant
species associated with ant nests usually differ from
species growing in adjacent areas (King, 1977;
Culver and Beattie, 1983; Dean and Yeaton, 1993b;
Dean et al., 1997; Folgarait et al., 2002).

In spite of the large body of knowledge on the
effect of soil environment of ant nests on above-
ground plant performance, surprisingly little in-
formation exists on its effect on plant below-
ground parts (e.g. Blomquist et al., 2000). Typi-
cally, in the absence of ant disturbance, distribu-
tion and parameters of roots and rhizomes in
grasslands follow vertical gradient of nutrients,
water and bulk density; root and rhizome biomass
decrease with depth (Fitter, 1994; Unger and
Kasper, 1994; Pechác̆ková, 1997). The presence of
ants, particularly of those building pronounced
mounds, can substantially influence the biomass
and architecture of roots and rhizomes through
changes in the soil environment. Roots and rhi-
zomes are morphologically highly plastic in re-
sponse to abiotic conditions of the soil. They may
respond by proliferation, architectural modification
or changed nutrient uptake to changes in soil
physical parameters (pore structure, compaction)
and distribution of water and nutrients (Robinson,
1994; Hutchings and de Kroon, 1994).

There are several ant species that build pro-
nounced mounds in European grasslands such as
Lasius niger, Lasius flavus, several species of genus
Formica or Tetramorium caespitum. However,
L. flavus is the most common and dominant ant
species that changes the character of the grass-
lands by building prominent and abundant soil nests
(Woodell and King, 1991). Colonies of this ant
species may build up to 2500mounds ha–1. Soil nests
of this species are long-lasting structures main-
tained by permanent soil transport to the surface
(Jacubczyk et al., 1972). The effect of L. flavus on
vegetation pattern has been repeatedly demon-
strated (King, 1977; Dean et al., 1977; Kovár̆
et al., 2001).
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In this study, we demonstrated the effect of
L. flavus on soil changes, including the effect of
mounding and soil mixing during nest construction.
We illustrated this effect by comparing soil from
ten ant nests and ten adjacent control plots,
including the vertical gradient of sampled habitats
studied in four consecutive soil layers. In addition,
we wanted to test the alternative hypothesis that
links colony founding with increased soil fertility.
Previous studies on L. flavus indicated that envir-
onmental factors control colony founding and
survival, such as moisture, soil depth, vegetation
type and management (Pontin, 1960; King, 1981;
Dean et al., 1997; Blomquist et al., 2000). At the
same time, there is no record of selective burrow-
ing of the fertilized queen during colony establish-
ment, except for occasional colonization of mole
hills that may differ in soil characteristics (Woodell
and King, 1991).

We had no data to analyze the selective place-
ment of colonies at our study site, but we tested
this alternative hypothesis by comparing soil
properties of occupied and abandoned mounds.
We assumed that if a colony was established in
patches with distinct soil properties and ant
activity was not an important source of soil
modification, then the soil of abandoned mounds
should not differ significantly from active nests.

We also investigated the effect of soil modifica-
tion on below-ground plant biomass. We hypothe-
sized that both modified chemistry and mounding
during soil construction could have an effect on
roots and rhizomes of existing vegetation. For that
purpose we sampled ten mounds and ten control
plots identical with those sampled for the analysis
of soil properties and analyzed below-ground
biomass and rhizome architecture in four (two
respectively) consecutive soil layers.

Specifically, we wanted to address the following
questions: (1) Do the mounds of L. flavus differ in
the soil parameters from their surroundings? (2)
Can these differences be explained by colony
founding in more fertile sites? and (3) Do the soil
characteristics of the mounds influence below-
ground parameters of vegetation?
Materials and methods

Study site and species

This study was undertaken in the Slovenske
Rudohorie Mts., Slovakia at an elevation of ca.
950m a.s.l. near Obrubovanec Point (1020m a.s.l.;
481410N, 191390E). This area is a mosaic of spruce
and beech forests and mountain grasslands. Grass-
land vegetation is rather poor due to acidic bedrock
(migmatites and amphibolites), with a dominance
of grass species Festuca rubra, F. pratensis,
Agrostis capillaris and Dactylis glomerata. It can
be classified as the Nardo-Agrostion tenuis alliance
Sillinger 1933. The grasslands are maintained by
mowing and grazing. Only the latter management
promotes the emergence of conspicuous ant
mounds, which are formed mostly by yellow-ant
L. flavus (Formicidae). This ant species is wide-
spread and can be found in temperate regions of
Europe, Asia and North America from lowlands to
the mountains. It prefers open habitats like
marshes, abandoned arable fields and grasslands.
Colonies are formed by one queen and
8,000–25,000 workers (Walloff and Blackith,
1962). The ants live mostly underground in the soil
mound and feed on the honeydew and young instars
of root aphids (Pontin, 1978). The mound can be
continuously occupied, one fertilized queen taking
over from another. The size of the mounds
increases over time, depending on the colony,
territory size and the frequency of wet weather
that is favorable for building (King, 1981). At our
study site, colonies of this ant form on average 52
ant mounds per 100m2 and cover approximately
13% of the grassland area. Mounds can be up to
40 cm in height and 70 cm in diameter, but are
usually smaller. Ant nests can be inhabited for more
than 20 years (Kovář et al., 2001). The latter
authors also found a clear distinction between
plant species composition on the mounds and
control plots. However, in terms of species diver-
sity, mound and control plots were similar; both
had approximately 10 species per 0.25� 0.25m2

quadrat. Vegetation cover was usually sparser on
the mounds than in their surroundings due to soil
heaping (Petr Dostál, personal observation).

One of the dominant grass species A. capillaris
was selected for the study of the effect of ants on
below-ground plant parameters (see below). We
chose this species because it is well represented on
both mounds and control plots which enabled us to
compare its performance between both microhabi-
tats. A. capillaris is characterized by strong
clonality, with fast growing rhizomes and strong
branching. The closely related A. stollonifera was
found to be phenotypically highly plastic in response
to nutrient supply (Crick and Grime, 1987).
Analysis of soil parameters and plant below-
ground biomass

The same set of ten mounds and ten control plots
(at 2m distance from a mound edge) were used for
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the analyses of bulk density, chemical parameters
and below-ground plant parameters. Ant mounds
were selected according to the following criteria:
(i) at least 20 cm high, (ii) with minimum cover of
A. capillaris of 40% (see below) and (iii) occupied by
L. flavus only. Sampling was undertaken between
October 23 and October 25, 1998, in an area of
approximately 100m � 100m.

For the analysis of soil chemistry and below-
ground plant parameters, blocks of soil 20-cm long,
7-cm wide and 18-cm deep were excavated from
each of the ten mounds and ten control plots. These
blocks were cut along their vertical axis into two
sections of 10 cm � 7 cm � 18cm. The first section
was used for the analysis of chemical parameters
whereas the second one served for the investigation
of roots and rhizomes. Prior to transfer to the lab,
each monolith was sliced into four horizontal layers:
0–3, 3–6, 6–12 and 12–18cm.

Soil segments designated for the analysis of
chemical parameters were transferred to the lab,
air-dried, sieved through 2mm mesh and homo-
genized. Total carbon and nitrogen were estimated
by elemental analysis. Samples were ignited at
950 1C and the content of C and N was determined
by thermo-conductometric detection in the ele-
mental analyser Carlo Erba NC2500, CE Instru-
ments, Milan, Italy (Ehrenberger and Gorbach,
1973). Concentrations of Ca2+ and K+ were assessed
by flame atomic emission spectroscopy, Mg2+ by
flame atomic absorption spectroscopy after extrac-
tion with 1M ammonium acetate (pH 7). Analyses
were carried out using AAS Spectrometer Unicam
9200X, Unicam Ltd., Cambridge, UK (Moore and
Chapman, 1986). Available phosphorus concentra-
tion was determined by colorimetric method with
ammonium molybdenate–sulphuric acid reagent
using the UV-Vis Spectrometer Unicam UV4-200,
Unicam Ltd., Cambridge, UK (Olsen, 1954). pH of
the soil solution was determined on samples in
suspension after stirring using a Radiometer TT3
titrator. Both the actual and exchangeable pH were
determined using distilled water and 0.1M KCl,
respectively.

The second core section was used for the study of
architectural parameters of rhizomes and roots.
Soil segments for below-ground plant biomass
analysis were frozen before they were processed.
Later, roots and rhizomes were extracted from each
segment by washing. They were then dried at 80 1C
for 24 h and weighed on analytical scales with a
precision of 0.0001 g (METTLER 9908, Mettler-
Toledo International Inc., Greifensee, Switzerland).
Dry biomass was expressed per soil volume.
Rhizomes of A. capillaris were separated from the
rhizomes of other species before drying. The
following parameters were measured: (i) total
rhizome length (length of all fragments in the soil
segment), (ii) branching density (number of
branches on all fragments in soil segment/total
rhizome length), (iii) rhizome diameter (mean
diameter of all fragments present in segment) and
(iv) internode length (total rhizome length/number
of nodes on all fragments).

Core samples for bulk density determinations
were taken from vertical profiles exposed after
above-ground sampling in both microhabitats. The
cores were taken at depths of 0–7, 5–12 and
10–17 cm (a sample from 5 to 12 cm was side-
shifted to avoid overlap) and after complete
penetration it was pulled out carefully and
promptly covered. Soil samples were dried at
105 1C for 24 h and weighed on analytical scales
with a precision of 0.0001 g.

Soil texture was analyzed from samples taken
from an additional set of blocks removed in July
1997. At that time, soil blocks of 10 cm � 10cm �

10cm were taken from each of ten randomly
selected mounds and ten control plots. Soil blocks
were transferred to the lab, air-dried and sieved
through 5mm mesh to remove litter and present
biomass. Size distribution of soil particles was
measured with sediment density meter (type ANALY-
SETTE 20, Fritsch GmbH, Idar-Oberstein, Germany).

The intention of this study was to link soil
parameters in consecutive soil layers with below-
ground plant parameters in corresponding seg-
ments. Eighteen centimeter was the lowest depth
of our sampling since below-ground biomass (roots)
was almost always absent in deeper layers in
control plots. The sampling design of the soil
physical parameters to some extent deviated from
this schema for several reasons. First, soil sampling
for bulk density was limited by the diameter of the
corer (7 cm) we had at our disposal. Therefore, we
obtained samples that differed in size from samples
taken for the analysis of soil chemistry and below-
ground biomass. Moreover, we could not prevent
partial overlap in sampled depths. The sampling for
soil texture completely deviated from the above
schema since it was included in this study only to
illustrate soil differences between compared mi-
crohabitats, without ambitions to relate the results
to the pattern of below-ground biomass.
Comparison of occupied and abandoned ant
nests

We analyzed the concentration of total carbon,
total nitrogen, Ca2+, K+, Mg2+, available P, C:N ratio
and pH in soil samples taken from an additional set



ARTICLE IN PRESS

Table 1. Particle size composition of soils from mounds
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of 17 mounds. Soil blocks of 10 cm � 10 cm �

10 cm were extracted from each of 17 mounds,
processed and analyzed according to above proto-
col. Ten occupied and seven abandoned mounds
were selected from a set of ant nests that were
repeatedly checked for ant presence during four
visits in 1979, 1981, 1988 and 1995 (Kovář et al.,
2001). Most of the abandoned mounds (5 out of 7)
had no record of L. flavus presence since 1988.

Statistical analysis

The effect of microhabitat (mounds vs. control
plots) was used as a between-subject factor and
soil layer as within-subject factor in repeated
measures ANOVAs with dependent variables of bulk
density, nutrient concentrations, root and rhizome
biomass and rhizome architecture. The Huynh–

Feldt adjustment of the degrees of freedom was
applied to correct for the dependence of soil
layers. Data on below-ground plant biomass and
rhizome architecture were log-transformed to
meet the assumptions of normality.

The effect of microhabitat on the soil texture
was analyzed with redundancy analysis. An uncon-
strained Monte-Carlo permutation test (199 simula-
tions) was used to test for significance.

Redundancy analysis was run using CANOCO (ter
Braak and Šmilauer, 1998) and all other analyses
were performed using SPSS 11.5 for Windows, SPSS
Inc., Chicago, USA.
and control plots

Particle size Mound ðn ¼ 10Þ
(mean7SD)

Control ðn ¼ 10Þ
(mean7SD)

o 0.001mm (%) 2.8 (71.8) 3.5 (7 2.7)
0.001–0.02mm (%) 24.4 (7 6.4) 22.1 (7 6.5)
0.02–0.1mm (%) 43.1 (74.8) 35.6 (7 7.8)
0.1–2mm (%) 29.6 (7 5.6) 38.8 (7 6.4)
Results

Soil parameters: mounds vs. control plots

The soil of ant mounds had a significantly lower
bulk density than the soil of control plots (mound
0-7

5-12

10-17

0.00 0.20 0.40 0.60 0.80 1.00

Bulk density (g/cm3)

D
ep

th
 (

cm
)

(A) (B)

0-3

3-6

6-12

12-18

0.00 5.00

Ca

Fig. 1. (A) Bulk density, (B) carbon concentration, and (C) av
(black bars) and control plots (gray bars) sampled at three a
soil ¼ 0:60� 0:09 g cm�3 (mean7SD) vs. control
soil ¼ 0:82� 0:15 g cm�3 (mean7SD); F1;18 ¼ 89:9;
Po0.001). Bulk density increased with sampling
depth (F2;36 ¼ 60:00; Po0.001). However, this
change was much stronger in the control plots;
interaction between microhabitat and sampling
depth was significant (F2;36 ¼ 24:4; Po0.001;
Fig. 1).

Surveyed microhabitats differed in the composi-
tion of soil particles. The mound soil had a smaller
proportion of the coarsest particles (0.1–2mm) but
a higher proportion of 0.02–0.1mm particles. Other
size categories were similarly represented in both
soils (Table 1). The differences observed between
microhabitats in terms of soil particle composition
were significant (F ¼ 5:8; P ¼ 0:005).

The mound soil was significantly different from
the soil of control plots in all chemical parameters.
There were greater concentrations of available P
and K+ as well as higher pH (H2O) and C:N ratio in
the mounds. In contrast, the soil from control plots
had more C, N, Ca2+ and Mg2+ (Table 2). Nutrient
concentrations were also significantly different
between successive soil segments. Concentrations
decreased systematically with sampling depth;
however, this pattern was typical for the soil from
control plots only. In the mound soil, concentra-
tions were similar between soil layers. Conse-
quently, there was a significant interaction
(C)
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ailable phosphorus concentration (means7SD) in mounds
nd four depths, respectively.
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Table 2. (A) Chemical parameters of soil from ant mounds and control plots (means from 0 to18 cm), and (B) repeated
measures ANOVA of the effect of microhabitat (mound vs. control), depth (0–3, 3–6, 6–12, 12–18 cm) and their
interaction

(A) (B)

Mound ðn ¼ 10Þ
(mean7SD)

Control ðn ¼ 10Þ
(mean7SD)

Mound vs.
control
d. f: ¼ 1; 18

Depth
d. f: ¼ 3; 54

Interaction
d. f: ¼ 3; 54

Total C (%) 4.21 (70.73) 6.44 (72.73) 55.3*** 30.2*** 30.1***
Total N (%) 0.30 (70.09) 0.58 (70.19) 80.3*** 15.0*** 15.9***
Ca2+(mg g–1) 599.00 (7149.10) 937.67 (7652.87) 12.2** 41.2*** 42.5***
Mg2+(mg g–1) 113.70 (729.90) 167.13 (7112.81) 16.4*** 64.8*** 59.5***
C/N ratio 15.24 (73.94) 10.92 (71.36) 30.9*** 1.3ns 2.0ns

P (mg g–1) 23.37 (78.67) 15.46 (79.93) 8.7** 15.8*** 10.1***
K+ (mg g–1) 565.82 (7316.73) 201.92 (7156.10) 19.5*** 1.5ns 11.2**
pH (H2O) 5.13 (70.25) 4.73 (70.19) 35.1*** 6.9** 4.0*

***, Po0.001; **, Po0.01; *, Po0.05; ns, not significant.
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between microhabitat and sampling depth for all
chemical soil parameters (Table 2; Fig. 1).

Soil parameters: occupied vs. abandoned
mounds

After abandonment, total C and N significantly
increased whereas concentration of K+ and pH
decreased. This pattern was consistent with that
found in the comparison of mounds and control
plots. The only exception was the C:N ratio, which
increased after abandonment. The Ca2+, Mg2+ and
available P concentrations did not differ between
occupied and abandoned mounds (Table 3).

Below-ground plant parameters

Below-ground plant biomass was higher in control
plots than in the soil of the mounds. This difference
was entirely due to the variation in the root
biomass. Rhizome biomass of A. capillaris (and of
the other species present) did not differ between
microhabitats. Therefore, root/rhizome ratio was
also significantly higher in control plots (Table 4;
Fig. 2).

Along with the effect of microhabitat, root and
rhizome biomass was significantly influenced by the
sampling depth. In the soil from the control plots,
total below-ground plant biomass and individual
biomass of roots and rhizomes decreased (but
increased in case of root/rhizome ratio) with
sampling depth, in analogy to the pattern observed
for the chemical parameters. In the mound soil,
biomass did not change along the vertical profile
(i.e. interaction of microhabitat and sampling
depth was significant (Table 4; Fig. 2)).
Architecture traits of A. capillaris rhizomes were
significantly different between mounds and control
plots. Rhizomes in the mounds were thinner, had
longer internodes and branched more frequently.
Since the rhizomes were almost absent from the 6
to 12 cm and lower segments in the control plots,
architecture traits were examined in the two
uppermost layers only. The change of rhizome
parameters along the vertical profile was closely
related to the microhabitat. In control plots, length
of internodes, branching density and total length
decreased and rhizome diameter increased with
sampling depth. In the mounds, the same para-
meters showed an opposite trend (except for
branching density which did not change with
depth). The effect of interaction of microhabitat
and sampling depth on architecture traits was
significant (Table 4; Fig 2)
Discussion

Two principal findings emerged from this study:
(1) mound-building ants L. flavus change soil
parameters of the mountain grassland investigated.
We found significant differences between mounds
and control plots in all nutrients we analyzed. We
also documented that a change in the concentra-
tion of nutrients along the vertical gradient is
different in the mounds than in control plots. In the
soil surrounding the mounds concentrations of
nutrients declined steeply and bulk density in-
creased with depth whereas in the mounds these
parameters remained unchanged in consecutive soil
layers; (2) soil modification induced by ants
influenced below-ground biomass of vegetation.
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Fig. 2. (A) Root biomass, (B), internode length, and (C) internode diameter (means7SD) in ant mounds (black bars) and
control plots (gray bars) sampled at four and two depths, respectively.

Table 3. (A) Chemical parameters of soil from occupied and abandoned mounds. Mound occupancy was checked by
careful digging in the mounds; (B) one-way ANOVA of the effect of mound occupancy (occupied vs. abandoned)

(A) (B)

Occupied ðn ¼ 10Þ
(mean7SD)

Abandoned ðn ¼ 7Þ
(mean7SD)

Mound occupancy
d. f: ¼ 1; 15

Total C (%) 4.06 (70.33) 5.39 (71.19) 11.56**
Total N (%) 0.36 (70.03) 0.43 (70.07) 10.03**
Ca2+ (mg g–1) 497.01 (7167.01) 368.62 (7161.02) 2.50ns

Mg2+ (mg g–1) 66.20 (715.46) 52.41 (726.19) 1.88ns

C/N 11.31 (70.42) 12.33 (71.49) 4.26*
P (mg g–1) 11.47 (74.70) 12.26 (74.65) 0.12ns

K+ (mg g–1) 311.08 (763.75) 88.69 (715.41) 80.39***
pH (H2O) 4.60 (70.09) 4.21 (70.21) 24.93***

***, Po0.001; **, Po0.01; *, Po0.05; ns, not significant.
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Our findings represent an example of ecosystem
engineering (Jones et al., 1994) in which the
activity of one group of organisms modulates the
availability of resources and changes habitat
properties for the another species. Both findings
are discussed below in detail.
Soil chemistry

Differences in nutrient concentrations between
microhabitats can be ascribed to respective ant
foraging and nest dwelling. Increased potassium in
mound soil is derived from the honeydew of root
aphids—one of L. flavus’ principal food sources
(Woodel and King, 1991). The higher concentration
of available phosphorus can be explained by
accumulation of food in the nests and an increased
decomposition rate (Frouz et al., 1997). In contrast
to increased concentrations of K+ and P, lower
concentrations of total carbon, total nitrogen and
the exchangeable cations, Ca2+ and Mg2+, in ant
mounds contradict previous findings (Pętal, 1980;
Folgarait, 1998). The decline of these nutrients in
the mounds is probably due to the removal of
organic matter from the nests by the ants.
Alternatively or in addition the decline could be
due to the replacement of the upper horizon with
mound subsoil which is usually poor in organic
matter (Levan and Stone, 1983).

Comparison of occupied and abandoned mounds
confirmed that soil changes found in the mounds
are due to ant activities during mound occupancy
(Pętal, 1980; Dean et al., 1997; Folgarait, 1998)
and not due to soil differences during colony
establishment. Changes in total carbon, nitrogen
and potassium concentrations after abandonment
was similar to the contrast in soil chemistry
between mounds and control plots. This conclusion
is consistent with findings of Wagner et al. (2004)
who applied a different approach in the investiga-
tion of this question. They found, on the basis of
extrapolations from regressions of soil chemical
variables against colony age of P. barbatus, that an
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Table 4. (A) Parameters of roots and rhizomes from mounds and control plots—biomass (means from 0–18 cm) and architecture of Agrostis capillaris (means from
0–6 cm) and (B) repeated measures ANOVA of the effect of microhabitat (mound vs. control), depth and their interaction on above parameters

(A) (B)

Mound
(mean7SD)

Control
(mean7SD)

Mound vs.
control

Depth Interactio

Residual
d. f

d. f. F Residual
d. f.

d. f. F d.f. F

Biomass (g 100 cm–3 soil)
Total 1.01 (70.39) 1.73 (71.83) 17 1 9.86** 51 3 43.76*** 3 43.87***
Roots 0.76 (70.34) 1.45 (71.51) 18 1 18.08*** 54 3 40.05*** 3 55.26***
Rhizomes of A. capillaris 0.18 (70.15) 0.18 (70.27) 18 1 0.17ns 54 3 44.74*** 3 18.32***
Rhizomes of other species 0.08 (70.08) 0.10 (70.19) 18 1 0.00ns 54 3 55.88*** 3 17.59***
Root/rhizome ratio 2.94 (73.81) 11.14 (713.36) 18 1 5.96* 18 1 4.73(*) 1 5.37*

ce:italic>A. capillaris
architecture
Internode length (cm) 1.46 (70.36) 1.13 (70.26) 18 1 8.17** 18 1 0.16ns 1 28.78***
Internode diameter (mm) 0.79 (70.11) 0.96 (70.11) 18 1 21.62*** 18 1 6.37* 1 32.49***
Branching density 0.17 (70.08) 0.12 (70.11) 17 1 4.88* 17 1 17.45** 1 8.89**
Rhizome length (cm cm–3

soil)
0.61 (70.33) 0.58 (70.49) 18 1 0.36ns 18 1 29.66*** 1 37.90***

***, Po0.001; **, Po0.01; Po0.05; (*), 0.05oPo0.10; ns, not significant. Since rhizomes were almost absent from the 6–12 cm and lower segments in the control plots, the two uppermost
layers were examined only for the analysis of the root/rhizome ratio and all architecture traits measured in rhizomes of A. capillaris.
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increase in soil fertility is entirely a function of
colony age and not of initial soil nutrient content.

Although concentrations of some critical nutri-
ents were lower in the mound soil, a preliminary
bioassay experiment elsewhere showed higher
nutrient status of soil sampled from this habitat
(Kozlı́čková, unpublished data). In a greenhouse
experiment she grew plants of five species (present
at study site) in the soil from mounds and control
plots. Both above- and below-ground biomass of
plants growing in the mound soil was higher than of
plants growing in control soil. Moreover, a higher
root-to-shoot ratio of plants grown in control soil is
evidence of nutrient shortages that are compen-
sated for by higher allocation of biomass to roots at
the expense shoot biomass (Chapin, 1980).
Bioturbation and its effect on below-ground
plant biomass

Concurrent to modification of soil chemistry,
changes in soil physical parameters are evidence
of the effect of nest construction and maintenance.
Pronounced above-ground parts of ant nests are the
result of intensive mounding (Hole, 1981) and serve
to increase soil temperature needed for brood
rearing (Woodell and King, 1991). To build and
maintain mounds, ants must transport large
amounts of the soil from deeper layers. King
(1981) reported that one colony of L. flavus may
transport more than 1 l of the soil annually. During
the transfer of soil particles, ants are limited by
their mandible range which is 600 mm (Haarløv,
1960), and consequently, we found particles of
0.02–0.1mm to dominate in the mound soil. The
loose soil structure of the mounds with their
tunnels and chambers accounts for the observed
decrease in bulk density in the mounds (King, 1977;
Woodel and King, 1991; Blomquist et al., 2000).

In ant nests, soil homogenization was also
demonstrated by the similar nutrient concentra-
tions found between four consecutive layers down
to a depth of 18 cm. In contrast, soil nutrients in
the control plots decreased dramatically (and bulk
density increased) with sampling depth (Lobry de
Bruyn and Conacher, 1994; Paton et al., 1995;
Folgarait, 1998).

Although the effect of soil chemistry modified by
ants on plant growth is well known (e.g. Danin and
Yom-Tov, 1990; Dean and Yeaton, 1993a; Dean et
al., 1997), the effect of bioturbation on below-
ground plant parameters is much less studied (e.g.
Dean and Yeaton, 1993b). In the control plots, most
of the root biomass was concentrated in the
uppermost layer (0–3 cm) where we found the
highest amount of nutrients. In contrast, in the
mounds with no gradient in nutrient concentra-
tions, root biomass was similar in all four layers
down to a depth of 18 cm. According to Robinson
(1994), roots are able to proliferate in the nutrient-
rich zone and thus increase nutrient uptake. The
concentration of roots in the uppermost layer in the
control plots is in accordance with this exploitation
strategy.

The transport of large amounts of soil is an
important source of disturbance in the nests. There
were several indices on how mounding influenced
below-ground parameters. First, total root biomass
and root/rhizome ratio were smaller in the mounds
than in the control plots. This can be either a direct
effect of soil disturbance that prevents root
development, or, a result of a lag in root coloniza-
tion of newly heaped soil. Second, morphological
characteristics of rhizomes in the mounds were
similar to morphological responses to sand burial
recorded in previous studies, such as elongated and
thinner internodes (Disraeli, 1984; Seliskar, 1994).
Elongation of internodes helps to bring assimilation
organs to more favorable light conditions when
buried under a layer of substrate.

To conclude, L. flavus created patches of soil
that differed from the background soil in chemistry
and physics. Bioturbation is one of the most
important ant activities that homogenizes soil
profile. Modified soil chemistry, soil homogeniza-
tion and soil mounding all influence plant growth
and below-ground plant parameters.
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