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We studied the ageing of casts of the earthworm species Aporrectodea caliginosa in the field and their
effects on soil microbial community structure and activity in a grassland soil. For this purpose, we sampled
casts and the bulk soil (below and surrounding casts), 1 and 2 months after deposition of the casts.
Discriminant and cluster analyses separated casts from soil samples, and revealed significant differences
in microbial community structure in aged casts. There were no differences between soil below casts
ndogeic earthworms
asts
icrobial community structure
icrobial activity

and surrounding soil samples. The overall microbial biomass and microbial activity were higher in casts
than in soils. The same was true for the main groups of soil microbial communities, bacteria and fungi.
Ageing of casts did not decrease the overall microbial biomass, and there was an unexpected increase in
fungal biomass; however, ageing clearly decreased microbial activity. The effects of A. caliginosa on soil
microbial communities in the grassland were strong, and contrary to our expectations, persisted over
time. In fact, our data indicates that casts seem to function as isolated hot spots of microbial biomass and

eract
activity, with minimal int

. Introduction

Earthworm casting represents one of the most important pro-
esses in turning over soil horizons and, in temperate zones, cast
roduction ranges between 36 and 108 Mg ha−1 year−1 (Lavelle
nd Spain, 2001), thus constituting a key process to be con-
idered in biogeochemical cycles. Earthworms, therefore, greatly
lter the physical and chemical properties of their environment
hrough their continuous burrowing, feeding and casting activities
Edwards, 2004). By doing so, they enhance decomposition through
irect digestion of soil organic matter and this changes the avail-
bility of resources and populations of soil organisms, which may
e selectively ingested (reviewed in Hättenschwiler et al., 2005).

Endogeic earthworms generally deposit casts on the surface of
he soil or inside their galleries. Earthworm casts deposited on the
urface of the soil, such as those of Aporrectodea caliginosa, undergo
atural changes in the field, including ageing and a gradual disap-
earance, which would imply their reincorporation into the soil and
e-ingestion. Thus, casts from A. caliginosa, microbiologically active

nd nutrient enriched (Aira et al., 2003), are released onto the soil,
nd their nutrient contents and microbial communities are slowly
educed through natural ageing processes (Aira et al., 2005). It is
herefore possible that the huge amount of surface casts produced
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ions with soil.
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may have a later effect on the soil by the downward movement of
casts particles or stimulation of soil microorganisms during ageing,
and this may extend the effects of earthworms on microorganisms
to the soil below the casts.

In the present study, we explored the cast ageing and their
effects on microbial community structure (phospholipid fatty acid
profiles) and microbial activity (fluorescein diacetate hydrolysis)
in a grassland soil inhabited by the endogeic earthworm species A.
caliginosa. For this purpose, we sampled casts and the soil below
and surrounding them (bulk soil) 1 and 2 months after deposition
of the casts. We questioned whether A. caliginosa modifies the soil
microbial community only through casting processes (formation
and ageing), and if these effects are extended to the soil below the
casts during the ageing process.

2. Materials and methods

2.1. Experimental design

The study was carried out in a grassland ecosystem in Vigo,
NW Spain; casting is strongly seasonal at the site, with two peaks
occurring in spring and autumn. Cast density at the site prior to

the experiment was 83 ± 13 casts m−2. We sampled earthworms
using the formalin-extraction method (area 0.5 m2, n = 10; Raw,
1959) in early autumn; the only earthworm species found was
A. caliginosa. The population density at the time of sampling was
136 ± 12 earthworms m−2 (mean biomass, 63 ± 5 g m−2). In early

dx.doi.org/10.1016/j.apsoil.2010.06.001
http://www.sciencedirect.com/science/journal/09291393
http://www.elsevier.com/locate/apsoil
mailto:aira@uvigo.es
dx.doi.org/10.1016/j.apsoil.2010.06.001


1 il Eco

a
a
b
e
d
v
m
(
p
s
c
s
t
n
a
a
s
r
N
n
a

2

m
a
w
a
o

F
a
e
w

44 M. Aira et al. / Applied So

utumn, the grassland was carefully examined for earthworm
ctivity and 75 newly deposited casts (there were not there the day
efore) were randomly selected and flagged by inserting a labeled
ppendorf tube into the ground beside each cast. We took samples
estructively 1 and 2 months later. We chose these sampling inter-
als because during the first month of ageing we did not find any
odifications of several microbial biomass and activity indicators

Aira et al., 2005), which slowly decreases after that. At the sam-
ling time, we randomly collected 10 casts and their corresponding
oil below and surrounding bulk soil (distance <20 cm) samples; we
ollected soil samples to a depth of 5 cm with a 5 cm-diameter corer
ampler. In this way, we completely removed casts from soil, and
hen took soil below samples; after carefully checking them we did
ot find any buried cast. Samples were sieved (2 mm mesh) and
nalyzed for their microbial community structure (PLFA profiles)
nd activity (fluorescein diacetate hydrolysis). Fresh casts showed a
lightly higher organic matter content than soil (18 ± 2 and 15 ± 1%,
espectively); main differences between fresh casts and soil were in
–NH4

+ content (70 ± 2 and 10 ± 3 �g g−1 dw, respectively), with
o differences in other parameters like dissolved organic nitrogen
nd carbon.

.2. Analytical methods

The moisture content of fresh samples of casts was deter-

ined after drying at 105 ◦C for 24 h. Microbial communities were

ssessed by phospholipid fatty acid (PLFA) analysis. Total lipids
ere extracted from 2 g of freeze-dried soil samples with methanol

nd chloroform (1:2, v:v). The mixture was then filtered and evap-
rated under a stream of N2 gas. The total lipidic extract was then

ig. 1. Discriminant function analysis performed on 27 PLFAs of bacterial and fungal origi
fter deposition of the casts (numbers 1 and 2 and dashed and solid lines, respectively), w
llipse are the 10 replicates per treatment (d is the scale of the root 1 and root 2 axes). Th
ith the two roots. Root 1 represents 54.7% of the variance and Root 2 represents 28.5% o
logy 46 (2010) 143–146

dissolved with chloroform (3× 1 mL). Lipids were separated into
neutral, glyco- and phospholipids in silicic acid columns (Strata
SI-1 Silica (55 �m, 70 A), 500 mg/6 mL), with chloroform, acetone
and methanol, respectively. The fraction containing phospholipids
was evaporated under a stream of N2 and redissolved in 500 �L of
methyl-tert-butyl ether. One hundred microliters of this solution
was placed in a 1.5 mL vial with 50 �L of the derivatizating agent
(trimethylsulfonium hydroxide, TMSH), and the mixture was vor-
texed for 30 s and allowed to react for 30 min before adding 10 �L of
nonadecanoic acid methyl ester as an internal standard. The chro-
matographic conditions have been described elsewhere; to identify
and quantify the fatty acid methyl esters, retention times and mass
spectra were compared with those obtained for known standard
mixtures or pure PLFAs (Aira et al., 2009).

The PLFAs used as biomarkers were those described in the
literature (Frostegård and Bååth, 1996). Total microbial biomass
was determined as the sum of all extracted PLFAs expressed as
�g g−1 dry weight. The abundance of each of the different micro-
bial groups (bacteria and fungi) was determined by the abundance
of specific biomarkers commonly used for these groups. The sum
of PLFAs considered to be predominantly of bacterial origin (15:0
and 17:0) was divided into Gram-positive bacteria (G+) PLFA (i14:0,
i15:0, a15:0, i16:0, i17:0 and a17:0) and Gram-negative (G−) PLFAs
(16:1c, cy17:0, 17:1c, 18:1�7c and cy19:0) (Frostegård and Bååth,
1996). The G+/G− ratio was calculated by independently sum-

marising these PLFAs. Fungi were determined from the relative
concentration of 18:2�6c PLFA (Frostegård and Bååth, 1996).

Microbial activity of the samples was assessed by hydrolysis of
fluorescein diacetate (FDA). Fresh samples (2 g) were incubated for
20 min at 30 ◦C after the addition of 15 mL of 60 mM phosphate

n from samples of casts (C), soil below casts (BE) and bulk soil (BU), 1 and 2 months
hich are labeled inside their 95% inertia ellipses. The 10 points inside each inertia
e table gives the values of canonical correlations of each PLFA used in the analysis
f the variance.
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Table 1
ANOVA for total, bacterial, Gram-positive, Gram-negative and fungal PLFAS and
fluorescein diacetate (FDA) hydrolysis.

Sample Time Sample × time

F2,54 P F1,54 P F2,54 P

Total PLFAs 6.08 0.004 3.01 0.089 0.65 0.525
Bacteria PLFAs 5.09 0.009 0.47 0.497 1.21 0.303
Gram-positive bacteria PLFAs 3.34 0.042 0.01 0.899 0.33 0.716
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Fig. 2. Changes in (a) Gram-positive and Gram-negative bacterial PLFAs (white and
black bars, respectively) in casts, soil below casts and bulk soil samples, (b) fungal
PLFAs in casts, soil below casts and bulk soil samples 1 and 2 months after deposition
of the casts (white and black bars, respectively) and (c) microbial activity (fluorescein
Gram-negative bacteria PLFAs 4.09 0.022 1.02 0.315 2.32 0.107
Fungal PLFAs 6.93 0.002 0.59 0.443 3.96 0.024
FDA hydrolysis 12.34 0.000 73.25 0.000 2.13 0.128

uffer (pH 7.6) and 0.2 mL of a 1000 �g mL−1 solution of FDA pre-
ared in acetone. The reaction was stopped by adding 15 mL of
hloroform and methanol (2:1, v:v). Samples were then centrifuged
nd the aqueous phase filtered. The absorbance of the filtrates
as measured within the next 50 min at 490 nm with a Bio-Rad
icroplate Reader 550 (Adam and Duncan, 2001).

.3. Statistical analysis

Data were analyzed by ANOVA (aov function), with the type of
ample (cast, soil below cast and bulk soil) and time (1- and 2-
onth-old samples) as the main factors. Data were transformed

rior to analysis, to meet ANOVA assumptions (normality and
omogeneity of variances). Thus, total PLFAs, bacterial and Gram-
egative PLFAs were log-transformed, whereas Gram-positive,

ungal and fungal to bacterial PLFAs ratio were transformed with
he boxcox function in the MASS library. Moisture content was
ncluded as a covariate in all analyses and did not affect any of
he variables. Significant differences in the main effects were fur-
her analyzed by paired comparisons, with the Tukey HSD test. In
rder to analyze the underlying effect of the type of sample and
ime on the soil microbial community, data from the PLFA analysis
ere subjected to discriminant analysis with the discriminant func-

ion from the ade4 library. The Monte-Carlo randomization test was
sed to assess the statistical significance of between-class analyses.
ata were analyzed with the R 2.8.1 environment.

. Results

The discriminant analysis of the 27 identified PLFAs revealed
arge differences among the microbial communities of the sam-
les, which explained 83% of variance in the data (Fig. 1). Samples
ere significantly classified into six groups according to type (casts,

oil below casts and bulk soil) and age (1 and 2 months) (Monte-
arlo test based on 999 simulations, p-value = 0.001). One- and
wo-month-old casts were differentiated by an increase in fungal
LFA (see table in Fig. 1). Furthermore, separation between casts,
nd the two soil samples (soil below and bulk soil) was due to the
reater amount of bacterial PLFAs in casts.

The concentration of total PLFAs was significantly higher in casts
41.40 ± 1.37 �g g−1 dw) than in the bulk soil (36.26 ± 1.32 �g g−1

w) and soil below casts (36.64 ± 0.78 �g g−1 dw) (Table 1),
nd this effect did not depend on time (Table 1). In the
ame way, the concentration of bacterial PLFAs was significantly
igher in casts (32.91 ± 0.99 �g g−1 dw) than in soil below casts
29.54 ± 1.01 �g g−1 dw) and bulk soil (29.42 ± 0.51 �g g−1 dw)
Table 1); this effect did not depend on time. The concentra-
ions of both Gram-positive and Gram-negative bacterial PLFAs

ere higher in casts than in bulk soil (Table 1), and were inter-
ediate in soil below casts (Fig. 2a); the effect did not depend

n time. The concentration of fungal PLFAs was also higher in
asts than in soil (Table 1); this effect was enhanced by age-
ng, as after 2 months the concentrations of fungal PLFAs in
diacetate hydrolysis) in casts, soil below casts and bulk soil samples, 1 and 2 months
after deposition of the casts (white and black bars, respectively). Mean ± S.E.M.,
n = 20 (no time effect) for bacterial PLFAs and n = 10 for fungal PLFAs and microbial
activity. Post hoc comparisons were made with Tukey HSD test (P < 0.05).
casts were higher than in soil samples (bulk and below casts),
producing an interaction between sample and time (Table 1
and Fig. 2b). Microbial activity was significantly higher in casts
and soil below casts thanin bulk soil (Table 1) and decreased
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n all samples significantly from 1 to 2 months (Table 1 and
ig. 2c).

. Discussion

In the present study we showed that aged casts of the earth-
orm species A. caliginosa hold a different microbial community

tructure than those of soil (below casts and bulk soil). Thus, we
nly found minor modifications in the structure of the soil micro-
ial community, when present, in the bulk soil inhabited by the
arthworms, with microbial communities of soil below casts being
lightly different from those of bulk soil. Although surface casting in
his grassland appears to account for a large percentage of released
asts, we have to take into account that A. caliginosa usually casts
nto the soil profile, attached to the gallery walls. However, we
ound that microbial parameters in the soil below casts and the bulk
oil were clearly different from those of casts; thus, if casting in the
alleries was high we should have collected some casts at sampling
n the galleries included in the soil below and bulk soil samples,

hich would reduce differences between casts and soil samples.
owever, discriminant analysis strongly discards this view, with
clear separation of microbial communities in casts from those

n soil (below casts and bulk), as previously found in studies with
ther earthworm species (Egert et al., 2004; Furlong et al., 2002).

We found overall higher values of total microbial biomass and
he main microbial groups (bacteria and fungi) as well as in micro-
ial activity in casts relative to parent soil, as previously shown
Aira et al., 2003, 2005). We did not find any differences in the
ram-positive and Gram-negative bacterial PLFAs contents of casts
nd soil below casts, which suggests some kind of stimulation of
hese microorganisms from casts to soil. If true, this effect should
ecrease with ageing since the microbial and nutrient character-

stics of casts tend to become impoverished over time (Aira et
l., 2005), although such a trend was not observed in the present
tudy. These results may also be due to increased earthworm activ-
ty in the gallery that leads to casts, which may have stimulated
acterial microorganisms by mucus addition (Tiunov and Scheu,
999).

Surprisingly, ageing did not modify microbial biomass, except
or fungi, which biomass increased in 2-month-old casts. This con-
radicts previous findings (Aira et al., 2005) of decreases in fungal
opulations from fresh to aged casts. Lack of changes in most of the
icrobiological parameters may be due to the formation of stable

ggregates of organic matter in the casts, an effect that is stronger
n endogeic earthworm species like A. caliginosa (Lavelle and Spain,
001). This implies the retention and gradual release of nutrients
o the microorganisms (Edwards, 2004), which are able to remain
ctive for longer than in the undigested soil, thus creating hotspots
f microbial activity. However, we found a reduction of microbial
ctivity after 2 months, which was almost the same for casts and
oil samples, suggesting exhaustion of nutrients or adverse weather

◦ ◦
onditions like temperature reduction (14 C and 8 C at the start
nd end of experiment). There is some controversy regarding suc-
ession of bacteria–fungi in aged casts; some authors believe that
acteria dominate in fresh casts, and after depletion of labile C
ungi are the major contributors to microbial biomass (Wolters and
logy 46 (2010) 143–146

Joergensen, 1992). However, Devliegher and Verstraete (1995) and
Tiunov and Scheu (2000) did not find any changes in the ratio of
bacteria–fungi during ageing of casts. The present data support the
first hypothesis, although we did not find the expected decrease in
bacterial populations.

We have shown that the earthworm A. caliginosa had a strong
effect on soil microbial communities with casts showing a different
microbial community structure and activity from soil. In fact, our
data indicates that casts seems to function as isolated hot spots of
microbial biomass and activity, with minimal interactions with soil
at least after 2 months.
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