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a b s t r a c t

A novel experiment design based on the axial simplex design was used to study the effects

of earthworm functional diversity on microbial biomass and microbial community level

physiological profiles in soils. This mesocosm experiment was carried out at two densities

of earthworm and at two levels of food supply. Soil mesocosms were maintained for

7 months and watered each week with 300 ml of distilled water. At the end of this period

the soil columns were divided into upper and lower halves and microbial biomass carbon

and functional diversity assessed. Greater microbial biomass and activity was found in the

upper layer of soil. Food supply was the major driver leading to increased microbial activity

and biomass. Increased earthworm biomass had the opposite effect. In the lower soil layer,

the presence of anecic worms had the greatest effect on microbial biomass and activity.

This effect was enhanced with increased food supply. Overall, the relationship between

earthworm functional diversity and microbial community level physiological profile

appeared to be idiosyncratic and the effect of the earthworms varied with soil layer, initial

biomass and food supply. The loss of any earthworm functional group might lead to signif-

icant alterations in the microbial biomass, distribution and physiological profile.

ª 2007 Elsevier Masson SAS. All rights reserved.
1. Introduction

Soil microbial communities drive nutrient transformation and

hence play important roles in nutrient cycling in the soil.

Earthworms facilitate soil C and N transformation through

their influence on these microorganisms [2,17,22]. However,

they have a variable influence on microbial biomass and activ-

ity [23], increasing the amounts of microbial biomass in some

circumstances and decreasing it in others [3]. For example, the

presence of endogeic species alone can reduce microbial
.
lger).
er Masson SAS. All rights
biomass but when these worms are present with epigeic spe-

cies no reduction occurs [23]. Occasionally they cause a change

to a smaller more metabolically active microbial community

[19,29].

Casts and burrows, which are enriched in available nutri-

ents harbour greater microbial populations and biomass

than surrounding soil [10,11,16,24] and actively feeding

earthworms have an influence on the spatial distribution of

microorganisms. However, the relationship between earth-

worm community structure and the structure and role of
reserved.
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soil microbial communities in providing ecosystem functions

is poorly understood [23]. As indicated above the types of

functional groups of earthworms present have the potential

to change the functioning of the soil microbial biomass.

The relationships between diversity and the functioning

of ecosystem are central to both community and ecosystem

ecology and need to be understood in order to predict how

communities and ecosystems respond to environmental

change [1]. In this study, we relate earthworm functional di-

versity to ecosystem function specifically through examining

the effects of earthworm diversity on microbial biomass and

the microbial community level physiological profile. Because

the intensity of interaction between earthworm functional

groups will be affected by the total earthworm biomass

present and by the amount of resource available, we

hypothesise that this could influence the effects on microbial

populations.
2. Materials and methods

2.1. Experimental design

Because of the difficulties identified with many previous ex-

perimental designs [4,6,7,28] a novel design, using earthworm

communities and based on the axial simplex design was used

[8]. In this design, communities were set up as either mono-

cultures (endogeic, epigeic or anecic), centroids, consisting

of equal amounts of each functional group, binary mixtures,

consisting of equal biomass of two functional groups or com-

plete mixtures consisting of all functional groups, where the

proportional contributions of the groups sum to one (Fig. 1).

Therefore both species richness and evenness were varied

systematically through the earthworm assemblages used.

In order to assess the effects of altered earthworm biomass

and resource availability, the experiment was carried out at

two levels of earthworm biomass and two levels of food avail-

ability. The densities of earthworm were 1.7 g and 3.4 g per
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(0, 0.5, 0.5)(0, 1, 0)
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Fig. 1 – Simplex design proportions. For example, (0.1, 0.1,

0.8) indicates am earthworm community consisting of 10%

anecic, 10% epigeic individuals and 80% endogeic

individuals.
mesocosm and at two levels of food supply were 0.32 g and

0.64 g of ground dried grass added to the soil surface each

week, giving four combinations of biomass and food supply

and a total of 52 communities. The biomass of earthworms

used was decided upon biomass estimates from an Irish

pasture [9]. The low level of biomass (1.7 g) was set to be equiv-

alent to 100 g of earthworms per metre squared. The high level

of biomass was set to be equivalent to 200 g of earthworms per

metre squared. The amount of food to be added to each

column was based on an average consumption rate of litter

of 27 mg dry weight of litter g�1 live weight of worm day�1

[21]. This value was used to calculate the food supply on

a weekly basis.

The experiment ran for 30 weeks. It was housed in a potting

shed where temperature was never extreme and would

certainly never reach values which would affect the viability

of worms in soil.

Adult earthworms were obtained from a meadow in Uni-

versity College Dublin and sorted into three distinct functional

groups based on Bouché [5]. The epigeic worms were Lumbri-

cus rubellus (Hoffmeister), Lumbricus castaneus (Savigny) and

Satchellius mammalis (Savigny), the anecic worms Lumbricus

friendi Cognetti and Aporrectodea longa (Ude) and the endogeic

worms Aporrectodea caliginosa (Savigny), Octolasion cyaneum

(Savigny), Allolobophora chlorotica (Savigny) and Aporrectodea

rosea (Savigny). The earthworms were allocated randomly to

experimental units. Over the period of the experiment, the

structure of the earthworm assemblage changed somewhat.

These changes and the responses of nitrogen dynamics are

reported in Sheehan et al. [25,26].
2.2. Experimental unit

The experimental units consisted of Plexiglas cylinders (15 cm

diameter � 30 cm depth) containing 2.65 l of a slightly alkaline

loam–clay loam soil. The soil had been stored for 10 months in

the laboratory, broken down and sieved through 4 mm and

then 2 mm mesh. The base of each soil column was fitted

with 2 mm mesh to prevent earthworms escaping. Units

were watered with distilled water once per week.

A soil suspension, derived from soil from the same location

as the soil used in the mesocosms, was added to the

mesocosms to encourage the microbial populations.
2.3. Microbial biomass carbon

The mesocosms were maintained for 7 months and were

watered each week with 300 ml of distilled water. At the end

of this period the soil was divided into upper and lower halves

in each column (0–7 cm and 7–14 cm) and microbial biomass

carbon (Cmic) estimated using the chloroform-fumigation

method [15] and the microbial community level physiological

profile [13] was assessed using the Biolog EcoPlate� [14].

Although this method of assessing functional diversity of

microorganisms is not without problems, especially in terms

of interpretation, it has been used extensively and has proved

to be a rapid easy method of characterising microbial

communities [18].
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2.4. Statistical analysis

We related Cmic to the proportion of each functional group in

the initial earthworm assemblage composition, initial overall

earthworm biomass (Bio), the amount of food supplied (Food)

and the soil horizon (LU, lower or upper). The model used was

based on those developed for the simplex design [8].

Microbial biomass C ¼
X3

i¼1

biPi þ
X3

i¼1

giBio� Pi þ
X3

i¼1

diFood� Pi

þ
X3

i¼1

liBio� LU� Pi þ
X3

i¼1

hiFood� LU

� Pi þ 3

where Pi is the proportion of ith functional group in the initial

earthworm community. Diversity effects occur as a result of

interactions among functional groups. All functional group in-

teractions (pairwise ¼ Pi � Pj and among three functional

groups ¼ P1P2P3) were added to the model (and interactions

of these with all factors) and tested for significance. They indi-

cate the additional performance of a mixture over the perfor-

mance that would have been expected from the component

monocultures. Of 20 possible functional group interaction

terms, only two were significant at the 5% level. In view of

the multiple comparisons involved, these were not pursued

further. This model is a function of the initial community

structure and so Cmic can be predicted for all possible commu-

nities and presented as a surface over the simplex. As the

model was fitted to the data assuming a split-plot structure

(mesocosm, mainplot; horizon within mesocosm, subplot) it

required the use of software (Proc Mixed in SAS V8 [20]) to

deal with this complexity in error structure. High order inter-

actions were omitted if not significant and the final model is

presented in Table 1. There was one replicate per treatment.

This is part of the simplex design methodologydto give
Table 1 – Parameter estimates of fitted model for
microbial biomass C (mg Cmic gL1 dry soil)

t (df ¼ 47) P-value

A 6.90 <.0001

Epi 6.15 <.0001

Endo 3.85 <.0001

A � Bio 0.40 0.693

Epi � Bio 0.00 0.990

Endo � Bio 0.66 0.517

A � Food 1.62 0.111

Epi � Food 0.71 0.485

Endo � Food 0.32 0.759

A � Layer 2.27 0.028

Epi � Layer 5.54 <.0001

Endo � Layer 1.15 0.254

A � Bio � Layer 3.00 0.004

A � Food � Layer 3.09 0.003

A, Epi and Endo are the initial biomass proportions of anecic, endo-

geic and epigeic worms respectively. Bio represents the overall

earthworm biomass and Food the amount of food added to

the mesocosms. Layer refers to the distinction between the upper

(0–7 cm) and lower (7–14 cm) soil layers. Coefficients in bold type

are significant at the 5% level.
a range of communities from monocultures of each species

to the centroid, a community in which each species is equally

represented by initial biomass. The analysis is by multiple

regression with the proportions of the species and food and

biomass variables as the driving variables [8]. The design has

the same efficiency for estimating a simple diversity effect

as would 16 replications for a standard two-treatment design.

Colour development in the Biolog plates was fitted to

Gompertz growth curves [30] and the slopes and asymptotes

of the curves for the 31 substrates analysed using redundancy

analysis (RDA) with forward selection in the CANOCO package

[27]. The slopes of these curves indicate the rate at which

colour develops on the plates while the asymptotes give the

highest level of colour development.
3. Results

The functional groups of earthworms differentially affected

the amount of microbial biomass but there were no significant

interactions between the groups. The biomass was always low

when endogeic species were present (Fig. 2). However, the ef-

fects of the other two functional groups were contingent on

other factors (Table 1). For example, the biomass was always

higher in the surface layer and for the anecics this was further

affected by the amount of food provided and the biomass of

the worms. The amount of microbial biomass was highest at

low earthworm biomass in the upper horizon but it was higher

with greater worm biomass in the lower horizon (Fig. 2a). This

obviously reflects the role of this functional group in burying

organic matter and mixing the soil horizons. The microbial

biomass was always higher in the upper soil layer when

greater amounts of food were added with anecic species but

this was not so marked in the lower horizon (Fig. 2a).

Both the slopes and asymptotes of the Gompertz growth

curves varied significantly between the upper and lower

layers of soil with greater activity occurring in the upper layer.

Therefore, in order to facilitate presentation and analysis of

the data, the slopes and asymptotes were analysed separately

for the upper and lower layers.

Earthworm biomass and food supply proved to be the only

two significant factors associated with the variation in asymp-

totes in the upper layer of soil. The values of the asymptotes

for all substrates increased as the food supply increased

(P ¼ 0.01) while increased earthworm biomass had the oppo-

site effect (Fig. 3a). These two factors also influenced the

slopes of the Gompertz curves but there was an additional

significant interaction effect of anecic � food indicating that

as the proportion of anecic worms increased the effects of

food were diminished (Fig. 3b).

The effects were more complex in the lower layers of soil

and while food was the only significant factor for the slopes

there were two significant interactions for the asymptotes. A

significant anecic worms � food interaction indicated a miti-

gating effect of this group on the effect of food. There was

also a significant epigeic � endogeic interaction and the ordi-

nation diagram suggests that the combination of the two

functional groups has a diametrically opposed effect to the

groups in isolation (Fig. 3c). The slopes for the lower layers
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Fig. 2 – Effects of overall initial earthworm biomass (Biomass) and quantity of food (Food) on microbial biomass C (mg Cmic

gL1 dry soil) predicted for monocultures of (a) anecic, (b) epigeic and (c) endogeic earthworm functional groups at upper

(0–7 cm) and lower (7–14 cm) soil layers.
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of soil suggest that the potential utilization of all substrates is

reduced in the presence of endogeics (Fig. 3d).

It can be seen from the four ordinations that anecic groups

have a diametrically opposite effect on the slopes and asymp-

totes of the Gompertz curves to the other two functional

groups. In the upper layer, the epigeic and endogeic earth-

worms are associated with increased microbial activity while

in the lower layer it is the anecic worms which have this

effect.
4. Discussion

Functional groups had a varied effect on Cmic and the micro-

bial community level physiological profile as indicted by car-

bon source utilisation. As expected, for the epigeics and

anecic species the effects varied with soil layer. The activity

of epigeic species is largely confined to the soil surface and

therefore, in isolation, they would not be expected to have

a significant impact on lower horizons. On the other hand,

anecic species mix soil layers and have a significant effect in

terms of the burial of organic matter both of which would be

expected to affect the microbial biomass in the lower hori-

zons. Food supply was identified as the major driver leading
to increased microbial activity in the upper horizons where

the greater Cmic and activity would be expected given that

food was added directly to the soil surface. On the other hand

increased earthworm biomass had the opposite effect, pre-

sumably due to either increased utilisation of microorganisms

by the earthworms or competition for food resources.

In the lower soil layer, the presence of anecic worms had

the greatest effect on microbial community and activity.

This effect was enhanced with increased food supply. This is

probably due to the vertical burrowing behaviour of this func-

tional group. The distribution of microorganisms and nutri-

ents by these earthworms along burrow walls, together with

improved aeration and moisture content, appear to form the

basis of a strong stimulation of microbial biomass and activity

along gallery walls [12]. These results are largely as would be

expected and are similar to those seen in other studies (e.g.

[23]). However, Scheu et al. [23] showed that while microbial

biomass was reduced in the presence of endogeic species,

the effect was altered when epigeic species were present.

This was not seen in the present study perhaps because of

the reduction in epigeic biomass as the study progressed [26].

EcoPlates� have proved to be a rapid easy method of char-

acterising microbial communities and of assessing the func-

tional diversity of microorganisms. However, the method is
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not without problems, especially in terms of interpretation.

For example, not all species of bacteria and no fungi can

reduce the dye used in the plates, and there are potential prob-

lems with inoculum density and time of observation [18]. We

believe that these difficulties do not affect our interpretations

because we were interested in detecting changes, rather than

characterising the microbial communities, and the kinetic

and ordination analyses used overcome other problems. Had

no changes been detected we would have been less confident

in the validity of the result because that might have arisen as

a result of the difficulties mentioned above.

The three functional groups affected the patterns of carbon

utilisation by the Cmic in different ways. In the absence of

anecic worms, activity would be concentrated in the upper

soil horizons while the other two groups had the opposite
effect. The combinations of earthworm functional groups

present also markedly affected the substrate utilisation as

indicated by Biolog plates. For example, in the surface soil

mixtures of epigeic and endogeic worms were associated

with increased slopes and asymptotic values for the Gompertz

curves for virtually all substrates but the presence of anecic

worms, either on their own or in mixtures, had the opposite

effect. In the lower soil horizons, mixtures of epigeics and

endogeics promoted quite different community level physio-

logical profiles to either of these groups occurring on their

own. It is therefore clear that the relationship between earth-

worm functional group diversity and microbial community

level physiological profile is dependent on the identity of the

earthworm functional groups present and is thus idiosyn-

cratic. It is also clear that the loss of any functional group
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would lead to significant alterations in the microflora and in

its ability to provide the ecosystem services associated with

it. In conclusion, it is apparent that the three functional

groups of earthworms, both alone and in various combina-

tions, have different effects on the microbial community level

physiological profiles and thus that the ecosystem services

supplied by the microbes is dependent on the diversity and

identity of the earthworm functional groups present.
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