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to increase the accumulation of COz in soil
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Abstract. A microcosm experiment was established in the field to determine whether the earthworm Aporrectodea
caliginosa (Savigny, 1826) can affect the accumulation of carbon dioxide in mineral loam-clay cambisol. The
presence of earthworms increased the concentration of carbon dioxide at a depth of 15 cm in the soil and at the
beginning of the eperiment the difference between chambers with and without earthworms was significant. On
the other hand, the presence of earthworms did not significantly influence the concentration of Oz in soil air. Data
suggest that Aporrectodea caliginosa can increase, directly or indirectly, the production of CO: in soil and therefore
it is likely that the presence of earthworms in the soil can increase fluxes of CO:z from soils. It is hypothesized
that the effect of earthworms on the enhanced accumulation of CO: in soil was mostly indirect, due to the effects
earthworms have on the soil microbial community.

Key words. Soil zoology, ecology, ecophysiology, Carbon dioxide, soil air, microcosms, Oligochaeta, Lumbricidae,
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INTRODUCTION

Soil gaseous constituents are derived largely from the atmosphere. However, there are at least
two phenomena causing soil air to have a different composition from that of atmospheric air:
(i) consumption and production of different gases by soil organisms and plant roots, (ii) limited
exchange of gases between soil and atmosphere. The latter occurs by diffusion, mass flow and in
dissolved form, with diffusion being the most significant under most conditions. Consequently,
soil biological processes and the diffusivity characteristics of the soil control soil aeration status,
i.e. composition of soil air.

In a typical mineral soil, deviations in the aeration status apply mainly to the partial pressure
of the two gases, oxygen (O2) and carbon dioxide (COz), mainly due to the respiratory activity
plant roots, soil microorganisms and soil animals. Thus, in comparison with the atmosphere, soil
air usually contains a similar amount of nitrogen, but less oxygen and more carbon dioxide (in
addition to more water vapour). At a macroscopic scale (cm), gradients in physico-chemical and
biological conditions create different layers (horizons) in the soil profile, differing in important
properties. Similarly composition of soil air in general, and partial pressures of oxygen and carbon
dioxide in particular, differ with soil depth. The oxygen content may be slightly below 20% vol. in
upper layers, but it may drop below 10—5% vol. or even to near zero in lower soil layers. Carbon
dioxide partial pressure usually follows an inverse relationship to that of oxygen. Moreover, at
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a meso- and microscopic scale (mm — pm), countless microenvironments exist in the soil, chara-
cterized by many specific properties including the concentrations of oxygen and carbon dioxide.
Earthworms influence the physical properties of soils in two main ways, burrowing and casting
(Bouché & Al-Addan 1997, Edwards & Shipitalo 1998, Lavelle 2002). Though earthworm burrows
generally occupy only a small proportion of the total pore volume of soil (Kretzschmar 1998), an
important part of the macropores (>10 mm in diameter) can be earthworm-derived (Lachnicht
et al. 1997, Edwards & Shipitalo 1998, Lamade et al. 2003). These large pores increase water
infiltration (Kladivko et al. 1986, Joschko et al. 1989, Willoughby & Kladivko 2002) and can be
important in gaseous exchange (Brumme & Borken 1999). Earthworm casts improve soil stability
and can be of particular importance at the microscale level (Lee 1985). In addition to the direct
effects on soil porosity, there are a number of indirect effects of earthworm burrows and casts
on soil physics, resulting from their effects on soil microorganisms, and microbial and chemical
processes (e.g. Simek & Pizl 1989, Wolters 1991, Lavelle & Martin 1992, Bohlen & Edwards
1995). Earthworms are repeatedly reported to stimulate microbial activity in soil, increasing soil
respiration and nutrient cycling (Brown 1995, Lavelle et al. 1997, Brown et al. 2000).

Enhanced macroporosity and improved soil structure in the drilosphere should affect exchange
of gases between the soil and atmosphere resulting in a generally higher concentration of O2 and
lower concentration of CO:z in soil air as compared to soil without earthworms (or inhabited by
alow worm population). Alternatively, enhanced microbial activity (and respiration in particular)
could increase the amount of CO2 and deplete O: in microsites affected by earthworms.

Many researchers report a short-term increase in COz emissions from earthworm casts (e.g.
Daniel & Anderson 1992, McInerney & Bolger 2000) or worm-worked soil (e.g. Ruzjerez et al.
1992, Potthoff et al. 2001) in comparison with untreated soil. In long-term experiments, however,
no consistent trend in COz release connected with earthworm activity or even the negative effects
of earthworms on COz emission are reported (Kretzschmar & Ladd 1993, Borken et al. 2000). In
addition, there are few data from field experiments demonstrating that earthworms increase soil
respiration under natural conditions. In the most recent study, Speratti & Whalen (2008) report
that earthworms are responsible for 7 to 58% of the total CO2 flux from microcosms in agricul-
tural sandy-loam soil over a period of 28 days, compared to the control (no earthworms), the
CO:2 flux is greater in microcosms with double the population level than in those with a natural
population of earthworms, and in microcosms with mixed Lumbricus terrestris Linnaeus, 1758
and Aporrectodea caliginosa populations than single species populations.

Thus, it remains uncertain whether earthworms significantly influence fluxes of gases between
soil and atmosphere. The effect of earthworms on soil aeration status in terms of CO2 and Oz
concentrations in soil air is largely unknown. This study presents results on the effects of the
earthworm Aporrectodea caliginosa on soil aeration. The study focused on the accumulation of
CO:z2 in soil and changes in Oz concentrations, as well as on possible effects of earthworms on
key soil chemical properties.

MATERIALS AND METHODS

A field microcosm experiment was conducted in which earthworms were maintained in special chambers buried in soil
for several months. During the experimental period, carbon dioxide and oxygen concentrations in soil air were monitored.
At the beginning and at the end, soils were sampled and analyzed.

Chambers consisted of 0.77 dm? cylindrical plastic (PVC) containers (7 cm internal diameter x 20 cm height) filled
with 1.5 kg of sieved field soil. Six large openings in the wall of the cylinder, each 2 cm in width and 13.5 cm in height,
covered with nylon net (mesh size 1x1 mm) provided close connection between the soil inside and outside of the chamber,
but prevented larger soil invertebrates from entering the soil inside the chambers. The same nylon net covered the lower
part of the chamber and was also used as a removable ,,lid” closing the chamber at the top.
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The soil used was a loam-clay cambisol containing 36% clay (<0.002 mm), 24% silt (0.02—-0.002 mm) and 40% sand
(0.02-2.0 mm). It was collected on 15 June 1995 from a grass-red clover field about 10 km NW of Ceské Budgjovice, South
Bohemia. Immediately after collection, the soil was hand-sorted and sieved (5 mm mesh) to remove earthworms and larger
organic remains including plant roots. It was stored at 4+2 °C in polyethylene bags. Chemical soil properties of mixed
soil samples were determined before the chambers were filled, and then again at the end of experiment, using standard
methods of the Czech Central Institute for Supervising and Testing in Agriculture (Zbiral 1995, Zbiral et al. 1997).

On 23 June 1995, the soil was packed into the chambers to a depth of 18 cm. While filling the chambers, two Teflon
tubes (0.5 mm ID, 1.58 mm OD, length about 15 and 25 cm, respectively) were placed in the soil in the centre of each
chamber. Tubes had hypodermic needles (0.5x25 mm) tightly inserted in the tube at both ends. Wide ends of the needles
were filled with either glass wool (below ground end), which prevented soil particles entering the needle but allowing
suction of soil air, or sealed with an epoxy glue (the upper end) closing tightly the tube. The needles connected to the below
ground ends of the Teflon tubes were situated at depths of 7.5 and 22.5 c¢m in the soil, respectively. Chambers filled with
soil were then buried in an experimental field of the Institute of Soil Biology in Ceské Budgjovice, in a vertical position
about 20 cm apart with only the top 2 cm protruding above the soil surface.

Earthworms were collected from the same site as the soil. 10 adult worms of Aporrectodea caliginosa (Savigny, 1826)
were added to half of the chambers. There were nine chambers with earthworms and nine without earthworms (control
chambers). The following day all chambers were watered with 200 ml of a tap water. Later, chambers were regularly
irrigated to keep the soil moist. Chambers were allowed to equilibrate for two months before the first sample of soil air
was collected.

Soil air was sampled four times between 25 August and 3 October 1995. To collect a sample of soil air, the needle
closing the Teflon tube was removed and replaced quickly by the same sort of needle attached to a 1 ml plastic syringe.
To purge the tube 1 ml of air was withdrawn into the syringe and expelled to the atmosphere (dead volume of the whole
sampling system was less than 0.4 ml). Then a 0.5 ml sample was withdrawn and trapped by inserting the needle into
a butyl rubber stopper. Preliminary laboratory experiments using various gas mixtures proved that contamination during
sampling and sample handling was negligible. The syringe with the sample was immediately transported to the laboratory
and analysis was performed by injecting the 0.5 ml sample in to a GC column (see below). On each sampling occasion air
samples from both depths of all chambers were collected between 8.00 and 9.00 am and samples were analyzed within
30 min of taking the samples. Typically, samples were stored in syringes for only 5-15 minutes. Plastic syringes used
in this study were not strictly air-tight due to the diffusion of gases through the syringe wall and piston, and presumably
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Fig. 1. Carbon dioxide concentration at 5 cm (5) and 15 cm (15) depths in soil containing earthworms (Lumbricidae)
(E) and in control soil (¢) in a microcosm experiment. Means of 9 replicated chambers + standard deviations are given.
Asterisk indicates significant difference between means of c¢15 and E15 variants (ANOVA, P<0.05). No significant dif-
ference was recorded between ¢5 and ES5 variants.
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Table 1. Chemical properties of the soil used in a field microcosm experiment before introducing the earthworms (Lum-
bricidae) and at the end of the experiment. Values are the means (+ SD) of three replicates. No significant difference
between soils was detected (ANOVA, P<0.05)

soil sampling treatment pH(H20) Ntot Cox extractable P
(% wiw) (% Wiw) (mg kg™)
before experiment e 7.12 (0.36) 0.27 (0.06) 2.26 (0.11) 60.2 (12.0)
after experiment control 6.96 (0.25) 0.25 (0.02) 2.21(0.12) 52.4(6.9)
+ earthworms 7.14 (0.19) 0.20 (0.07) 2.24(0.22) 60.9 (7.7)

also through the plastic part of the needle. Nevertheless, leakage during storage, which did not exceed 30 minutes, is low
enough not to influence significantly the amount of CO2 in a syringe (Simek & Sustr 1995). This was further confirmed
in the present study by incubating standard gas mixtures in the same syringes as used for soil air sampling and storage.

CO:2 and Oz concentrations in the 0.5 ml samples were quantified in a HP 5890 GC (Hewlett-Packard, USA) equipped
with a thermal conductivity detector and fitted with two parallel steel columns with Porapak Q and MS 5A, respectively,
and operated at 70 °C.

RESULTS AND DISCUSSION

The results of the determination of carbon dioxide concentration in soil are shown in Fig. 1. The
presence of earthworms led to an increased amount of carbon dioxide in soil air, especially in the
deeper layer. In the first measurement, the increase in COz at a depth of 15 cm was statistically
significant. This result accords with those of Borken et al. (2000) who recorded a significant in-
crease in CO2 emissions from columns filled with forest soil 3—4 weeks after the introduction of
Lumbricus terrestris. This initial increase in CO2 emission is attributed to the effect of the intensive
burrowing activity of the worms and incorporation of litter into the mineral soil. Subsequently,
organic matter may have been partly stabilized and protected against microbial degradation. The
similar increase in the release of CO> from arable soil shortly after the insertion of Octolasion
lacteum is attributed by Potthoff et al. (2001) to soil perturbation rather than to substrate con-
sumption by worms. Oxygen concentration in soil air in both layers was similar to that of the
atmospheric concentration and there was no significant effect of earthworms on the concentration
of oxygen (data not shown).

Selected chemical properties of the soil used in the microcosms did not change significantly
during the course of the experiment (Table 1). Moreover, the presence of earthworms had no
effect on these properties, as there were no significant differences between control soil and soil
inhabited by earthworms at the end of the experiment.

CONCLUSIONS

Carbon dioxide concentration in soil air varied during the season both in control and earthworm-
-inhabited chambers, being in all cases higher at a depth of 15 than 5 centimeters. Maximum
CO2 concentrations at both depths and variants were reached during August and later in the
season they gradually decreased. The presence of earthworms influenced the CO2 concentration
at a 15 cm depth as it was on most occasions higher in the chambers with earthworms than in the
control chambers without earthworms. On the other hand, the presence of earthworms did not
significantly influence the Oz concentration in soil air. The effect of earthworms on selected soil
chemical properties was insignificant. Data suggest that the earthworm Aporrectodea caliginosa
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can increase, directly or indirectly, the production of COz in soil and therefore it is likely that the
presence of earthworms in the soil can increase fluxes of CO2 from soils.
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