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A central issue in ecology is the understanding of food web structure. In the past, 

studies in community ecology have been dominated by investigations on interactions 

between two trophic levels, but ecological interactions between two species are often 

mediated by a third or forth species. This makes food-webs more complex 

(Tscharntke and Hawkins, 2002), and direct and indirect interactions between two 

species can link multiple interactions in a community. Herbivores for example are 

involved in a complex interaction network. On the one hand, herbivores can be 

affected from bottom-up by nutrient quality and defence mechanism of their host 

plant. On the other hand predators and parasitoids can alter herbivore abundance 

from top-down. The outcome of these interactions can change however, when 

mutualistic relationship between herbivores and ants exist. For example, parasitoids 

(Encyrtidae) used for biological control of the mealybugs was only successful when 

mealybugs were not protected by ants (Gonzáles-Hernandez et al., 1999), indicating 

that ants have a strong impact on aboveground food web structure. 

Concepts of food web ecology often rely on aboveground systems, but above- 

and belowground systems are closely connected. Plant-mediated links between 

above- and belowground organisms are well documented (Wardle et al., 2004a and 

b). Soil inhabiting animals and microfloral populations like mycorrhizas, rhizophagous 

insects, earthworms and collembola can influence the growth of phytophagous 

insects aboveground, commonly due to nutritional changes in their host plant 

(Gange, 2000). Aboveground plant consumers in turn can affect soil food webs 

(Wardle et al., 2004a and b; 2005). 

Activity of ecosystem engineers like earthworm or ants can affect soil organisms 

also in a non-trophic way by changing soil organisms’ habitat conditions. It has been 

long known that soil organisms are integral to soil fertility. Belowground organisms 

are important structuring forces in terrestrial ecosystems acting as drivers of 

ecosystem functioning, such as decomposition, nutrient cycling and plant nutrition 

(Bardgett et al., 2005), thereby affecting the plant community and their consumers. 

 

Ants play a key role in ecosystems, because they are involved in the 

aboveground, as well as in the belowground food web. In many habitats ants belong 

to the dominant group of arthropods and their presence influences numerous 

populations of animals and plants. By their function as ecosystem engineers, 

mutualistic partners and predators, ants have an important ecological impact 
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(Hölldobler and Wilson, 1990; Jones, 1994). Ants are eusocial insects and they can 

control the ecosystem from top-down by grazing pressure on their prey as well as 

from bottom-up by changing soil properties due to nest building activity. Moreover, 

workers transport organic substances and food into their nest, thus altering nutrient 

availability for soil organism (Figure 1).  

predation

parasitoids

Mutualism

(providing 
honeydew)

feeding
Nutritional quality, 

direct defence 
mechanism

Indirect 
defence 

mechanism

Mutualism

(protection)

attack

Soil structure

oviposition

Competition, 
predation

Competition for food/ 

ant attendance

Soil nutrients

Mesofauna

Microfauna

Microflora

Food, organic 

matter intake

Nest 

construction

Top-down effects

Bottom-up effects

 

Figure 1. Top-down and bottom-up effects exert by ants on above- and belowground 
systems. Bold parts within the food-web will be discussed in my study. Solid lines represent 
top-down effects, bottom up effects are shown in dottet lines. 
 

The interaction network between mound building ants, their trophobionts and the nest 

inhabiting microflora is a model system for studying facilitation, multitrophic 

interactions and microbial community structures. 

 

Aboveground food-web activity of ants 

 
Ants influence the aboveground tritrophic food-chain of ants-aphids-plants by 

preying on aphids and/or collecting their sugar-rich honeydew as an energy resource. 

Ants act as mutualistic partners of aphids (trophobiosis), but also prey on them to 

cover their demand on protein (Pontin, 1958). When ants switch between tending 
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and predation, they can modify homopteran populations and consequently exert 

indirect effects on the aphids’ host plant (Carroll and Janzen, 1973).  

 

The honeydew of aphids contains different sugars and amino acids. Fischer et al. 

(2005) found up to ten different sugars in the honeydew of Aphis fabae Scopoli on 

different host plants. The honeydew was mostly dominated by the trisaccharide 

melezitose, the disaccharide trehalose and the monosaccharides glucose and 

fructose. Woodring et al. (2004) investigated the amino acids in honeydew and found 

predominantly aspargine, glutamine and serine in the honeydew of five different 

aphid species. This mixture of sugars and amino acids is a high-quality food resource 

not only for ants. Stadler and Müller (1996) investigated the role of honeydew as 

potential energy source for microorganisms in the phyllosphere of conifer trees. The 

presence of honeydew increased the growth of bacteria, yeasts and filamentous 

fungi on the surface of needles. Ants can reduce the amount of honeydew reaching 

the plant leaves by tending aphids and providing hygienic service to their colonies, 

thus reducing the risk of microbial infections on leaves and needles. 

 

The intensity of mutualism between ants and aphids and consequently the 

protection and cleaning services of ants depends on the quality and quantity of 

aphids’ honeydew. Both vary between aphid species (Hendrix et al., 1992; Völkl et 

al., 1999) and within species living on different host plants (Douglas, 1993). The 

presence of ants can increase the production of honeydew; moreover, the 

composition of honeydew can change with ant presence (Fischer et al., 2005) 

increasing the attractiveness for ants which leads to better protection by ant workers 

against aphid enemies. 

 

Under natural conditions tending ants alone may consume more than two-thirds 

of the honeydew available (Müller, 1956 and 1960) while approximately 1/3 of 

honeydew may fall straight to ground (Wellenstein, 1980). Thus, ants can alter 

resource availability for microorganisms not only in the phyllosphere but also in litter 

and soil, promoting further ant effects from bottom-up. 
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Belowground activity effects of ants by soil engineering and substrate 

accumulation 

 
Ants can affect the belowground system by their soil engineering activity and 

substrat accumulation within their nest. Belowground food-webs and soil processes 

are mainly regulated by microorganisms, plant roots and the decomposer fauna, by 

which decomposition processes, nutrient cycles and energy flow are controlled. Soil 

microorganisms and animals depend on resource input. Some of this input, 

consisting of prey, organic substances, excreta and honeydew, the input of which 

can reach up to 15 200 kJ/5 min of honeydew carried in on a single trail (Skinner, 

1980), is controlled by ants. Stadler et al. (2006) found a significant increase of 

organic carbon and a decrease of inorganic nitrogen in spruce litter, when honeydew 

was added. Honeydew seemed to stimulate the development of microorganisms 

which led to an immobilisation of inorganic nitrogen. Whether these changes could 

be attributed to the microbial community and if ants have an effect on 

microorganisms by altering the amount of honeydew reaching the litter/soil was not 

investigated. 

 

The nutrient cycle in soil is strongly connected to the carbon cycle, because 

microbial biomass and its activity in soils depend on carbon sources (Perelo and 

Munch, 2005). In most ecosystems, soil carbon is the limiting element for the 

microbial community (Smith, 1994; van Veen et al., 1984; Scheu and Schaefer, 

1998), and nitrogen mineralisation can be limited by the lack of easily available C-

sources, such as dissolved organic carbon (DOC; Magill and Aber, 2000). By 

changing the amount of available carbon for microorganisms, ants can have a strong 

impact on microorganisms and associated ecological processes. But not only nutrient 

accumulation alone can have effects on soil microbial communities, also structural 

changes in soil by nest-building activity of ants can alter the habitat structure and 

microclimate for microorganisms. 

 

Due to their nest-building activity, ants change the soil structure by mixing 

different soil layers and by establishing chambers within the nest (Nkem et al., 2000). 

The lateral and vertical network of chambers increases aeration (Czerwinski et al., 

1971), water infiltration (Nkem et al., 2000) and the movement of water-soluble 

substances in soil (Wang et al., 1996). Thereby ants are indirectly involved in the 
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mineralisation process. The bioturbation activity does not necessarily lead to 

higher nitrogen mineralisation, but the mixing of soil and the intake of organic 

material can create better conditions for the microbial populations and intensive 

microbial activity can lead to a higher nitrogen dynamic. 

 

Also, the degree of decomposition is dependent on the diversity of the 

decomposer community (Tiunov and Scheu, 2005). For example, an increase in 

microfungal diversity can lead to an increase of the decomposition rate (measured as 

CO2 production: Setälä and McLean, 2004). The special habitat conditions within ant 

nests influence the abundance of special physiological groups of microorganisms 

(Pêtal, 1998). The accumulation of easily available nutrient components and organic 

substances is associated with a more intense fungal and bacterial development 

(Czerwinski et al., 1971), whereby the development of different physiological groups 

of the microflora is promoted or inhibited by ants (Czerwinski et al., 1969; Jacubczyk 

et al., 1975). Additionally, the composition of the microbial community depends on 

ant species (Pêtal and Kusinska, 1994; Dauber and Wolters, 2000). 

 

Altogether, the low amounts of carbon and humic acids in ant nests show, that in 

nests better condition for mineralisation of organic substances exist than for their 

humification (Pêtal and Kusinska, 1994). Wagner (1997) reported a significantly 

higher N-mineralisation rate in nests of Formica perpilosa Wheeler in comparison to 

the surrounding soil. Dauber and Wolters (2000) measured higher C-mineralisation 

rate (and microbial activity) in nest mounds of three different ant species in 

comparison to the surroundings. Moreover, it was demonstrated that Lasius niger L. 

stimulates the microbial utilization of amino acids. Thus, this ant species promotes 

microorganisms which are able to utilize nitrogen-rich compounds. Other studies 

show that Myrmica spp. stimulate the development of ammonifying bacteria, while 

Lasius flavus Fabricius has a positive effect on actinomycetes to the detriment of 

bacteria (Pêtal, 1978). Bacteria and fungi are key groups for the belowground food-

web. They play an important role in the bacterial- and fungal-based food-web, and 

changes in the microbial community can have consequences for higher trophic level. 

Most studies of terrestrial systems focus on aboveground plant productivity and 

ignore that plant development depends on the activity of the decomposer system. By 



Chapter 1 

7 

the accumulation of different nutrients in ant nests, a wider range of nutrients is 

available for microorganisms than would normally be present in soil.  

 

Outline of my study 

 

In my work, two areas of ants’ functioning in ecosystem were studied descriptively 

and experimentally: I investigated how ants affect (1) the aboveground system by 

acting as mutualistic partners and predators of honeydew producers and (2) the 

belowground system by modulating resource availability for microorganisms. The 

effect of ants on the microbial activity and diversity in soil is of special interest and 

should be compared to the influence of aphids as honeydew producers without ants 

being present. 

 

I addressed the following questions 

(1) Does tending by ants affect the aphid colonies and does tending intensity of 

ants change when sugar and protein resources are available as alternative 

resource? 

(2) What influence has the trophobiosis between ants and aphids in combination 

with the structural changes by nest construction on material flow between the 

above- and belowground system and on the microbial community? 

(3) How do ants affect soil parameters and soil microbial community and 

functioning in natural systems?  
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Figure 2. Questions that are addressed in the following chapters. Solid line=ant effect, dotted 
line=honeydew effect. 
 

These questions will be addressed in five chapters. The first laboratory 

experiment (Chapter 2) is a detailed analysis of the interactions between ants, 

aphids and plants with the focus on trophic interactions. In this experiment Phaseolus 

vulgaris L. plants infested with Aphis fabae were used to analyse how Lasius niger 

ants affect aphids from top down by tending and predation and whether tending 

activity of ants changes, when an alternative sugar/protein resource is available for 

ants. Moreover, I induced a bottom-up effect on the plant by increasing the soil 

nutrient level by adding fertilizer. The low content of 15N in fertilizer and the different 

carbon stable isotope ratios (13C/12C) between the different protein/sugar resources 

served as markers to follow the nutrient flow and to trace the fate of the sugar/protein 

resource. In this experiment I observed that honeydew promoted fungal growth on P. 

vulgaris leaves. The same was reported by Stadler and Müller (1996), who measured 

increased microbial growth on the surface of conifer needles. These observations led 

to the question how honeydew falling on the ground affects the soil microbial 

community and whether ants influence the material flow from aboveground to 

soil microbial community ?
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belowground by tending aphids and consequently altering honeydew amounts 

reaching the litter and soil.  

 

To obtain further insights into the role of ants and homopteran honeydew in 

nutrient flows under controlled conditions, another laboratory experiment was 

conducted (Chapter 3). In this study, Phaseolus vulgaris plants were labelled with 

the stable isotope method (13C/15N) and infested with Aphis fabae, which produced 
13C- and 15N-labelled honeydew. This allowed me to follow the nutrient flow via 

honeydew into the system. To assess changes in microbial parameters due to ant 

presence and honeydew input to soil, basal respiration and microbial biomass were 

measured with the substrate induced respiration method (SIR). To get deeper 

insights into the structure of the microbial community, the bacterial profile was 

analysed by the denaturing gradient gel electrophoresis (DGGE) method. Aditionally, 

sequences were evaluated from bacterial DGGE. 

 

As mentioned above, not only honeydew input influences microbial communities 

but also the nest-building activities of ants. Earlier studies focussed more on overall 

physiological community patterns while detailed investigations on, for example, 

fungal taxa in ant nests are rare. The experiment in Chapter 4 was carried out on soil 

samples from the field, reflecting natural soil conditions. I analysed the diversity of 

fungal communities, microbial parameters and soil properties in four different Lasius 

ant nests in comparison to the surrounding soil in the course of the year. To detect 

microfungal diversity in soils, the classic plating technique was used. 

 

To also take into account the bacterial part of microbial communities, I quantified 

the functional diversity of soil microorganisms by in situ respiration response to an 

array of 13 carbon substrates in the same four Lasius ant nests, to compare the 

substrate utilization with the respective surroundings without ant activity (Chapter 5). 

An additional study (Chapter 6) was carried out with higher number of ant nests 

samples from two different sites, taking into account the location effects. 

Furthermore, out of the 13 carbon substrates 8 substrates were chosen that 

separated best nest from surrounding soil in the previous study (Chapter 5). In 

addition DGGE method was applied, but this method does not allow to distinguish 

between active and inactive stages of microorganisms, thus it was simultaneously 
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combined with a measurement of the functional aspect of microbial community by 

functional diversity measurement. 
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Abstract 

The interactions between ants (Lasius niger), aphids (Aphis fabae) and plants 

(Phaseolus vulgaris) were studied in a laboratory experiment with the following 

treatments: application of N-fertilizer for plants, supply of mealworms or sugar 

solution or their combination as alternative food sources for ants. Three main 

questions were studied: (1) Do ants reduce tending to honeydew-producing aphids 

when an alternative sugar or protein resource was available? (2) Is aphid 

predation/protein consumption by ants higher when additional carbon is offered to 

maintain the carbon/protein balance? (3) Does fertilizer treatment propagate in the 

food web?  

For the experimental analysis stable isotope techniques were applied. δ15N 

served as a marker for the pathway from plants to higher trophic levels. Low δ15N-

value of fertilizer spread from plant shoots to aphids and ants. To trace which sugar-

/protein source was consumed by ants, the different 13C/12C- ratios of C3- and C4-

plants were used with aphids feeding on C3-plant material, while mealworm food and 

sugar solution originated from C4-plant material. Fertilizer application had no effect on 

biomasses of plants, consumers or microflora. Ant biomass was significantly higher 

when additional sugar solution was offered. Higher contents of 13C indicated a high 

incorporation rate of additional sugar. Additional protein had no effect on colony 

biomass and no increasing predation on aphids could be observed when carbon was 

in excess. However, due to the lack of queens and newly produced larvae, protein 

requirements of experimental colonies were lower than in natural systems. Ants 

positively affected aphid populations, but reduced tending, whilst having access to an 

alternative sugar resource. When sugar/protein was offered to ants, the host plant 

had an increased root/shoot ratio. This indicates that decreasing aboveground 

activity of ants could lead to reduced plant growth of aphid-infested plants, 

presumably due to higher fungal attack on shoots. 

 

Keywords  

Carbohydrate, delta C-13, delta N-15, dietary mixing, formicidae, nitrogen
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Introduction 

Ants are dominant in most terrestrial ecosystems and may have a high impact on 

many plant and animal populations (Hölldobler and Wilson, 1990). Their social 

behaviour enables them to use resources effectively. Due to communication and 

cooperation, ants can influence their environment to a high degree (Brian, 1983; 

Hölldobler and Wilson, 1990), and can also have effects on the structure of food-

webs (Letourneau and Dyer, 1998). Mutualistic relationships between ants and 

aphids are common and ants collect the honeydew produced by aphids as a sugar 

resource. In return, the ants protect the aphids against their enemies (Way, 1954; 

Banks, 1962; Banks and Macauley, 1967) and provide other services like shelter 

brood care (Wood, 1982; Bristow, 1983; Cushman and Whitham, 1989), removing 

dead bodies and exuviae (Banks, 1962), and transport to feeding sites (Way, 1954). 

Moreover, aphid-produced honeydew can be used as a C-resource by soil microbes. 

Ant-attendance can positively affect the number of aphids on a host plant, but this 

positive effect depends on several factors including the natural enemy level (Bristow, 

1984), ant abundance (Cushman and Whitham, 1991; Morales, 2000) and availability 

of alternative sugar-resources for ants. When honeydew is in excess, ants can have 

a negative effect on the aphid population (Sakata, 2000). For Lasius flavus ants, 

Pontin (1958) hypothesised that with increasing sugar intake more protein would be 

needed to maintain a balanced protein-carbohydrate diet. Hence, ant-homopteran 

interactions range from mutualism (by collecting honeydew and provide services) to 

exploitative predation (Cushman and Addicott, 1991; Bronstein, 1994). However, little 

is known about the mechanisms underlying this switching behaviour. Experimental 

studies examining factors which might cause a change in the ant-homopteran 

interaction included only short periods (hours) of observation (Del-Claro and Oliveira, 

1993; Offenberg, 2001). 

We tested Pontin's hypothesis for a longer time period (2.5 month) by using 

stable isotopes. The analysis of stable isotopes is a promising method for 

characterizing the origin of food resources under certain conditions (Post, 2002). For 

ants this method was used in tropical and temperate regions to characterise food 

webs (Blüthgen et al., 2003; Sanders and Platner, 2006) and the material flow in 

mutualistic interactions between ants and myrmecophytes (Fisher et al., 1990; 

Treseder et al., 1995; Sagers et al., 2000). In our study we used microcosms with 

Phaseolus vulgaris L. seedlings infested with Aphis fabae Scopoli to examine 
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whether ants would produce a top-down effect on aphids and reduce the tending of 

honeydew-producing aphids when offered an alternative sugar/protein resource. 

When ants switch from attendance to predation or vice versa they modify 

homopteran populations and their feeding rates, and consequently exert positive or 

negative effects on the host plant (Carroll and Janzen, 1973). The homopterans gain 

food and habitat from the plant, while the plants suffer from tissue damage, loss of 

metabolites and incidence of infection by microbial pathogens. For the plant, possible 

advantages of the presence of aphids include the attraction of ants, which may 

defend the plant against external herbivores (Buckley, 1997a) and reduce fungal 

diseases by removing honeydew. 

In the last years, the interest in costs and benefits for the partners in direct 

interactions between ants and their trophobionts has been growing (Cushman and 

Addicott, 1989; Stadler and Dixon, 1998; Yao et al., 2000; Morales, 2000), and also 

tritrophic interactions between ants, aphids, and plants have been examined. 

However only the top-down effect of ants was considered (Buckley, 1997a and b; 

Morales, 2000), although ants belong to the few organisms which influence the 

system (or parts of it) top-down as well as bottom-up. To assess the relations 

between both these effects they need to be tested simultaneously. We did this by 

inducing a bottom-up effect on the plant by increasing the soil nutrient level, in 

addition to the top-down effect by alternative food for ants.  

Fertilizer application should increase the nutrient level of plants and by that, it 

should increase biomass of aphid-colonies because of better nutrient availability. 

Dependent on the quality of the alternative food resource in comparison to aphids 

honeydew, ants could profit from higher biomass of aphid colonies, especially when 

aphid colonies are the only food resource in the microcosms. The low 15N content of 

the applicated fertilizer should be traceable in the different compartments of the food 

web, if the participant of the system incorporated the additional nutrient directly or 

indirectly, thus 15N content of fertilizer can be used as a marker to follow the nutrient, 

which is taken up by the plants, through the whole system. The use of different stable 

isotope ratios (13C/12C) between C3- (aphids on bean) and C4-plants (mealworm food, 

cane sugar) enabled us to trace the fate of the sugar/protein resources in all 

compartments of the microcosm system (shoots, roots, aphids and ants). Mealworms 

contained high 15N values and should lead to higher 15N values when they were 

consumed by ants. 
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We tested three groups of hypotheses:  

Group 1 (bottom-up-effects): The addition of fertilizer leads to an increase of plant 

and microfloral biomass and the biomass of the further components of the food web. 

After fertilization root biomass will decrease. The lower 15N-value in comparison to 

the legumes of the fertilizer will propagate through the food webs until the trophic 

level of the ants.  

Group 2 (direct top-down-effects): The supply of sugar and/or protein for ants will 

lead to an increase of ant and plant biomass and to a decrease of aphid biomass. 

Additional protein will enhance production of the colony as compared to additional 

sugar. The higher 13C-content of sugar and protein will produce higher 13C-content in 

ants; higher 15N-contents of protein will be mirrored in higher 15N-content in ants.  

Group 3 (indirect top-down-effects): Offering additional sugar/protein, lower 

tending of aphids by ants combined with lower honeydew collection will lead to higher 

microbial biomass in the soil, due to better C availability. 

 

Our study demonstrated that additional resources from bottom-up lead to an increase 

of aboveground plant biomass, from top-down to an increase of ant biomass. Stable 

isotopes could serve as markers for nitrogen and carbon flow in the food chain. 

Indirect negative effects between ants and plants are a dominant characteristic 

feature of the system.  

 

Materials and Methods 

Microcosm set-up 

Experimental microcosms were designed with ants, plants and aphid colonies as 

constituent elements and kept in a greenhouse at natural light conditions for two and 

a half months ( “july” to “september” 2003). Each microcosm contained one 

experimental ant colony consisting of 50 workers, 30 pupae and 20 larvae of Lasius 

niger L., which were collected in Göttingen (Germany) from a dry hillside in July 

2003. A microcosm consisted of a pot (alumina 20 cm id 19 cm high) filled with 

nutrient-poor soil from a dry grassland near Göttingen and closed by a transparent 

perspex cylinder (19 cm id 25 cm high) with removable mesh (2 µm) as a lid. The soil 

was also covered by mesh to separate the above- and belowground compartment. 

Via plastic tubes, ants had access a) to the plant and aphids and b) to a foraging 
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area (plaster-floored jar with lid) where water and alternative food of the respective 

treatment were offered (Appendix A). 

In each microcosm, a Phaseolus vulgaris seedling (breed Solido) was planted 20 

days before the experiment started. A Rhizobium solution was added to the soil 

around every plant to encourage the development of root nodules. In fertilizer 

treatments 2 x 10ml of an ammonium-nitrate solution were applied on the third and 

11th day after planting the seedling. Each plant was infested with 50 apterous Aphis 

fabae individuals of the same size, the black bean aphid. A. fabae is a facultative 

myrmecophilous aphid species commonly tended by Lasius niger (Pontin, 1958). The 

aphid culture used for this experiment had been kept in the Institute of 

Phytopathology (Göttingen University). Aphids were reared on Phaseolus vulgaris 

before adding them to the experimental containers. Plants and aphids were allowed 

to develop for 14 days, before ant workers and brood were added. 

 

Diet treatments 

We used a blocked, three-factorial design with the factors “additional carbohydrate” 

(with and without sugar solution), “additional protein” (with and without mealworms) 

and “fertilizer” (with and without). The 32 microcosms were divided into four blocks; 

we arranged the eight treatments randomly within each block, which additionally 

contained a control with aphids but no ants. One data-logger in every control 

microcosm registered eventual differences in microclimatic conditions between 

blocks. The four blocks rotated every five days during the experiment to minimize the 

block effect caused by different light conditions in the greenhouse.  

According to the treatment factors, several ant colonies were exposed to 

alternative sugar and/or protein resources. Supplementary carbohydrate food was a 

1:1 solution of cane sugar (Saccharum officinarum L.) and demineralised water. 

Protein food consisted of freshly killed Tenebrio molitor L. larvae (mealworm) which 

were reared on Zea mays L. products (cornmeal, semolina and parts of fresh plants). 

Sugar solution and T. molitor larvae were offered to ants for five days, until they were 

replaced with fresh food.  
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Data collection and statistical analyses  

During the incubation time the activity of ants was observed for 17 days by recording 

the number and location of ants in each microcosm. At the end of the experiment, 

Lasius niger workers and larvae were collected by hand and frozen at -24°C 5 days 

after the last additional food offer. Afterwards freeze-dried biomass of ants and ant 

larvae was measured. All aphids from each microcosm were removed from the 

shoots which were clipped at ground level. We froze 50 aphids of each microcosm, 

while the rest was washed off the plant material and stored in 70% ethanol. To 

assess differences in aphid biomass, total dry mass was determined (drying at 60°C, 

four days). Plant biomass was determined by separately drying the shoots and roots. 

(105°C, three days). We measured stable isotopes (15N 13C) and total nitrogen of two 

samples of pulverized plant material and freeze-killed ants and aphids, each. We 

analysed ants in total to avoid skew results due to different isotopic signatures 

among tissues (Tillberg et al., 2006). The period after the last additional food offer 

should reduce the influence of crop content to a marginal rate. Ratios of 13C and 15N 

were estimated by a coupled system consisting of an elemental analyzer (Carlo Erba 

NA 2500) and a gas isotope mass spectrometer (Finnigan Deltaplus). The system is 

computer-controlled allowing measurement of 13C and 15N (Reineking et al., 1993). 

Isotopic contents were expressed in δ units as the relative difference between 

sample and conventional standards with δ15N or δ13C [‰] = (RSample – 

RStandard)/RStandard x 1000, where R is the ratio of 15N/14N or 13C/12C content, 

respectively. The conventional standard for 15N is atmospheric nitrogen and for 13C 

PD-belemnite (PDB) carbonate. Acetanilide (C8H9NO, Merck, Darmstadt) served for 

internal calibration with a mean standard deviation of samples <0.1. From each 

microcosm, a subsample of mixed soil was taken to analyse for microbial basal 

respiration, microbial biomass (SIR, Anderson and Domsch, 1978; Scheu, 1992), and 

gravimetrically determined soil water content. 

Data were analysed by three factor analysis of variances (SAS 8.1, SAS Institute 

Inc., Cary, USA), means of different treatments were tested for significant differences 

by Tukeys test (Sokal and Rohlf, 2001). To assess effect of ants on soil conditions 

and aphids, controls without ants were compared with unfertilized microcosms 

inhabited by ant colonies in a one factor GLM. 
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Results 

Soil and microflora 

Soil moisture did not differ significantly between treatments with and without fertilizer 

application, but it was lowest in controls, where ants were absent (GLM for 

treatments without fertilizer: F1,15 = 4.15, p=0.06 for the effect of ants). Overall, soil 

moisture did not consistently differ between food treatments (Appendix B). However, 

soil moisture differed significantly between the blocks (Table 1). Microbial biomass 

did not differ significantly between treatments. Basal respiration decreased 

significantly in treatments with fertilizer application, but alternative food supply for 

ants had no effects on basal respiration (Table 1). 

 

Table 1. Influence of fertilizer application and additional food for Lasius niger on percent soil 
moisture, microbial biomass, and basal respiration. Data for basal respiration were log-
transformed (log10X+1). C=carbohydrate, P=protein, F=fertilizer, df=degrees of freedom. 
 

   soil moisture   microbial biomass   basal respiration 
(log) 

 

 df F P F P F P 
C  1 0.07 0.7975 0.30 0.5902 0.31 0.5825 
P 1 0.00 0.9660 2.04 0.1680 0.01 0.9278 
F 1 0.02 0.8810 0.80 0.3820 7.84 0.0107 
C x P 1 4.78 0.0402 1.49 0.2352 0.84 0.3701 
C x F 1 1.07 0.3162 1.44 0.2434 0.01 0.9157 
P x F 1 0.07 0.7956 1.09 0.3077 0.86 0.3630 
C x P x F 1 0.15 0.7021 0.01 0.9181 0.79 0.3856 
block 3 6.80 0.0022 1.06 0.3875 1.23 0.3220 

 

 

Phaseolus vulgaris 

Total plant biomass was not affected by fertilizer application or additional food for 

ants (Figure 1a, Table 2). Root/shoot ratio was significantly affected by fertilizer 

application leading to increased shoot biomass (from 1.42 g to 1.52 g) and 

decreased root biomass (from 0.25 g to 0.21 g) (Figure 1b, Table 2). Decreasing 

shoot biomass and unaffected root biomass were observed when ants had access to 

the sugar solution (mean shoot biomass without and with sugar 1.58 g and 1.32 g, 

respectively) or Tenebrio larvae (mean shoot biomass without and with protein 1.66 g 

and 1.25 g, respectively). Root/shoot ratio differed significantly between carbohydrate 

treatments and between the blocks (Table 2). Additional fertilization had no effect on 

the total nitrogen in plants (Table 4). 
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Figure 1. Influence of fertilizer application and additional food for Lasius niger on plant 
biomass (a) and root/shoot-ratio (b). Bars represent means (n=4) of Phaseolus vulgaris dry 
weight or root/shoot-ratio in each microcosm in control (open bars) and ant treatments 
without (shaded bars) and with fertilizer (black bars) respectively. Error bars are standard 
deviations ignoring the block effect. A -=control without ants, C=carbohydrate, P=protein, 
F=fertilizer; +=with, -=without, dw=dry weight. 

 

Aphis fabae 

Total biomass of aphids was not significantly influenced by alternative food supply for 

ants (Table 3). A comparison with the controls revealed no significant overall effect of 

ants as well. However, in unfertilized microcosms with ants which had access to 

alternative protein resource aphid biomass was one third higher than in the controls 

without ants (Figure 2a; GLM for treatments without fertilizer: F1,15 = 3.48, p=0.08 for 

the effect of protein). Application of fertilizer tended to increase aphid biomass, but 

means did not differ significantly (Figure 2a, Table 3). We could detect a marginally 



Chapter 2 

 23

positive effect of fertilizer on the total nitrogen amount of aphids (Table 4, Appendix 

C). 

 

Table 2. Influence of fertilizer application and additional food for Lasius niger on the total 
plant biomass and on root-/shoot-ratio. Data for root-/shoot-ratio were log-transformed 
(log10X+1). C=carbohydrate, P=protein, F=fertilizer, df=degrees of freedom. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3. Influence of fertilizer application and additional food for Lasius niger on aphid 
biomass, biomass of ant colonies, and ant activity. C=carbohydrate, P=protein, F=fertilizer, 
df=degrees of freedom. 
 
   aphid biomass   biomass of ant 

colonies 
  ant activity  

 df F P F P F P 
C  1 0.80 0.3807 24.03 <0.0001 4.09 0.0601 
P 1 1.32 0.2639 0.46 0.5035 0.19 0.7024 
F 1 2.51 0.1282 1.60 0.2201 1.38 0.2576 
C x P 1 0.92 0.3496 0.00 1.0000 2.74 0.1174 
C x F 1 0.75 0.3976 0.66 0.4270 3.00 0.1026 
P x F 1 0.19 0.6638 1.89 0.1849 7.38 0.0153 
C x P x F 1 1.27 0.2726 0.60 0.4482 2.97 0.1043 
block 3 0.44 0.7246 0.20 0.8943 25.76 <0.0001 

 

 

   plant biomass   root/shoot-ratio (log)  
 df F P F P 
C  1 0.07 0.7941 8.76 0.0075 
P 1 0.55 0.4644 3.54 0.0739 
F 1 0.02 0.8824 5.05 0.0356 
C x P 1 0.34 0.5650 0.06 0.8037 
C x F 1 0.30 0.5865 0.52 0.4791 
P x F 1 0.00 1.0000 1.02 0.3245 
C x P x F 1 0.19 0.6676 1.21 0.2829 
block 3 2.04 0.1344 7.09 0.0019 
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Figure 2. Influence of fertilizer application and additional food for Lasius niger on aphid 
biomass (a), ant colony biomass (b) and activity of workers (c). Bars represent means (n=4) 
of Aphis fabae dry weight, total biomass of freeze-dried Lasius niger workers and larvae or 
number of ant workers observed in each microcosm in control (open bars) and ant 
treatments without (shaded bars) and with fertilizer (black bars) respectively. Error bars are 
standard deviations ignoring the block effect. A -=control without ants, C=carbohydrate, 
P=protein, F=fertilizer; +=with, -=without. 
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Lasius niger 

Total colony biomass of ants increased by the factor 1.75 with available sugar 

resource (Figure 2b, Table 3), but biomass was not significantly influenced by either 

additional prey or fertilizer application. The nitrogen content of L. niger workers and 

larvae decreased (from 7.04% to 4.72% and from 5.21% to 4.32% respectively) when 

additional sugar was offered to ants, whereas the total nitrogen (related to colony 

biomasses) in ants increased (from 2.81 mg to 3.28 mg), due to higher biomass 

(Table 4, Appendix C). We observed ant activity by recording number and position of 

ants in each microcosm. Aboveground activity of workers was highest in treatments 

without access to a cane sugar solution, activity was about 5 times lower when sugar 

solution was available for the ants (Figure 2c, Table 3). In the presence of cane 

sugar solution, ants fed preferably on this food resource, an observation which was 

supported by increased δ13C-values in ants and ant larval tissue in these treatments.  

 

Table 4. Influence of fertilizer application and additional food for Lasius niger on total nitrogen 
in plants, aphids, and ants. C=carbohydrate, P=protein, F=fertilizer, df=degrees of freedom. 
 

   total N plant   total N aphids   total N ants  

 df F P F P F P 
C  1 0.10 0.7512 0.13 0.7236 2.98 0.0990 
P 1 0.17 0.6820 0.07 0.7924 1.03 0.3208 
F 1 0.28 0.5987 3.01 0.0958 2.37 0.1388 
C x P 1 0.29 0.5951 0.00 1.0000 0.18 0.6769 
C x F 1 0.53 0.4728 0.02 0.8998 0.35 0.5599 
P x F 1 0.12 0.7367 2.13 0.1575 0.01 0.9097 
C x P x F 1 0.06 0.8021 0.73 0.4015 0.18 0.6769 
block 3 1.66 0.2006 1.44 0.2568 1.56 0.2288 

 

 

Bottom-up effects traced by stable isotopes  

Fertilizer application resulted in lower δ15N-values in shoots (with fertilizer 3.93‰, 

without fertilizer 4.69‰), while it caused higher δ15N-values in roots (with fertilizer 

3.13‰, without fertilizer 2.08‰), i.e. the fertilized plants sequestered relatively more 

of the light 14N- isotopes in shoots and more of the heavy 15N-isotopes in roots 

(Figure 3a, 3b, Table 5). The δ15N-values of aphids were lower when aphids fed on 

fertilized plants (with fertilizer 3.63‰, without fertilizer 4.51‰) (Figure 4a, Table 5), 

however, differences  
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Figure 3. Influence of fertilizer application and additional food for Lasius niger on quantity of 
nitrogen-isotopes in shoots (a) and roots (b) of bean plants. Bars represent means (n=4) of 
Phaseolus vulgaris shoot δ15N values in each microcosm or the δ15N value of roots in each 
microcosm of one block in control (open bars) and ant treatments without (shaded bars) and 
with fertilizer (black bars) respectively. Error bars in the upper panel are standard deviations 
ignoring the block effect. A -=control without ants, C=carbohydrate, P=protein, F=fertilizer; 
+=with, -= without. 
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Figure 4. Influence of fertilizer application and additional food for Lasius niger on quantity of 
nitrogen-isotopes in aphids (a) and ants (b). Bars represent means (n=4) of Aphis fabae δ15N 
values or Lasius niger worker δ15N values from two samples in each microcosm in control 
(open bars in upper panel) and ant treatments without (shaded bars) and with fertilizer (black 
bars) respectively. Error bars are standard deviations ignoring the block effect. A-=control 
without ants, C=carbohydrate, P=protein, F=fertilizer; +=with, -=without. 
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Table 5. Influence of fertilizer application and additional food for Lasius niger on the quantity 
of nitrogen-isotopes in shoots and aphids. C=carbohydrate, P=protein, F=fertilizer, 
df=degrees of freedom. 
 

 
 
 
 
 
 
 
 

 
 
 

 
Table 6. Influence of fertilizer application and additional food for Lasius niger on the quantity 
of nitrogen- and carbon-isotopes in ants. C=carbohydrate, P=protein, F=fertilizer, df=degrees 
of freedom. 
 

   δ 15N ants   δ 13C ants  

 df F P F P 
C  1 19.01 0.0003 185.63 <0.0001 
P 1 9.66 0.0055 3.23 0.0881 
F 1 5.76 0.0262 1.59 0.2223 
C x P 1 0.15 0.7012 0.89 0.3578 
C x F 1 0.94 0.3428 0.00 1.0000 
P x F 1 1.94 0.1804 0.00 0.9805 
C x P x F 1 0.54 0.4724 0.00 0.9581 
block 3 18.70 <0.0001 0.87 0.4748 

 
 

were not significant. Fertilizer application had significant influences on the δ15N 

values of ants in the same way (with fertilizer 4.49‰, without fertilizer 4.81‰) (Figure 

4b, 5, Table 6).  

 

 

Top-down effects traced by stable isotopes 

We calculated the differences of 15N/13C-values between the experimental ant colony 

and the sampled colony. The values for stable isotopes differed between the origin 

colonies and experimental colonies at the end of the experiment. The δ13C-values of 

ants without access to additional cane sugar solution were between their origin δ13C-

values and the δ13C-values of the aphids, while δ13C-values of ants with alternative  

   δ 15N shoots   δ 15N aphids  
 df F P F P 
C  1 0.39 0.5393 0.00 0.9628 
P 1 0.08 0.7858 0.00 0.9633 
F 1 2.71 0.1149 0.36 0.0817 
C x P 1 0.94 0.4391 1.45 0.2574 
C x F 1 0.28 0.6054 0.79 0.3861 
P x F 1 1.32 0.2643 0.03 0.8678 
C x P x F 1 1.31 0.2660 0.08 0.7765 
block 3 0.04 0.8440 0.30 0.5869 
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Figure 5. Influence of fertilizer application and alternative carbohydrate-/protein-resource for 
Lasius niger on their δ

13
C-/δ

15
N-composition. Values are standardized as the difference to 

the origin ant colonies. Squares represent δ15N and δ
13

C values as mean (n=4, each with two 
samples) differences between Lasius niger workers from the same colony before and after 
incubation in microcosms without (shaded squares) and with fertilizer (black squares), 
respectively. Mean δ15N and δ

13
C values of Tenebrio molitor larvae (triangle), cane sugar 

(diamond), NH4NO3-fertilizer (dash), Aphis fabae grown in unfertilized microcosms (shaded 
circles) and Aphis fabae grown in fertilized microcosms (black circles) are shown as 
differences to the mean of origin ant colonies, respectively. C=carbohydrate, P=protein, 
F=fertilizer; +=with, -= without. 

sugar resource corresponded to δ13C-values of cane sugar solution (Figure 5). In the 

presence of cane sugar solution, ants fed preferably on this food resource, an 

observation which was supported by increased δ13C-values in ants in these 

treatments. Additional supply with Tenebrio molitor larvae enhanced δ13C-values of 

ants. Ants had lower δ15N-values in treatments with an alternative carbohydrate 

resource as compared to treatments without sugar supply (mean with additional 

sugar 4.35‰, without additional sugar 4.95‰). In treatments without access to an 

additional carbohydrate resource, δ15N-values of ants were lower in fertilized as 

compared to unfertilized microcosms. Ants feeding on additional protein had higher 

δ15N-values as compared to treatment without additional protein source (Figure 5).  
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Figure 6. Top-down and bottom-up effects of additional food for Lasius niger and fertilizer 
application on the different compartments of the system. 
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Figure 7. Carbon and nitrogen fluxes traced by δ13C-/δ15N-composition of ants, aphids, and 
plants. 
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Discussion 

Effect of fertilizer application 

Basal respiration decreased when fertilizer was applied, whereas microbial biomass 

did not differ between the treatments. Decreasing basal respiration in fertilized 

treatments could be caused by lower stress for microbes when additional nitrogen is 

present in soil which creates better conditions for development. Fertilizer application 

caused an increases in shoot biomass, while root biomass of Phaseolus vulgaris 

decreased. Similar trends were observed in other studies. Bååth et al. (1978) found 

high root/shoot ratios in pine seedlings in the absence of nitrogen and interpreted this 

effect as an evidence for nitrogen limitation of the plants. Ingestad (1962) showed 

that pine seedlings invested more resources into root growth than into shoot growth 

under nitrogen-deficient conditions. Looking at plant productivity from an energetic 

point of view, it is better to invest more energy in a larger shoot system, when 

fertilizer is applied. The plant can reduce its root system, because nitrogen is in 

excess and easily available (Figure 6).  

Although fertilizer treatments reduced plant root-to-shoot ratio by increasing shoot 

biomass, this had only little effect on aphids feeding on the shoots. In our experiment, 

we could not detect significant differences in aphid biomass between fertilized and 

unfertilised microcosms, maybe due to a strong block effect in root/shoot ratio. 

Additional fertilization had no effect on the total nitrogen in plants. Beans are N-fixers, 

so the N-limitation was minimal. Total nitrogen of aphids weakly increased when they 

fed on fertilized plants. Some herbivores evolved mechanisms to find the most N-rich 

plant part and enrich the available nitrogen from plant in their tissue (William et al., 

1980).   

Fertilizer application caused a marginally negative effect on total colony biomass 

of ants (Figure 6). Higher nitrogen concentration in soil is likely to enhance the 

nitrogen status of plants thereby inducing production of secondary compounds as a 

defence mechanism against herbivores (Buckley, 1997a). Thus plant biochemistry 

can have complex indirect influences on herbivore susceptibility to predators and 

parasites (Haukioja, 1980). Homoptera possess a range of strategies to overcome 

host plant defences (Rosenthal and Janzen, 1979). In particular, some Homoptera 

can sequester secondary compounds from the host plant, and use them for their own 

defence (Wink et al., 1982). Price et al. (1980) suggested that herbivores absorbing 
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toxins from the plant, could lead to direct toxic effect to their enemies. Our study 

could not confirm such a toxic effect since there was only a weak influence of 

fertilizer treatment on ant colony biomass.  

 

Effects of alternative food for ants 

Soil moisture increased when ants were present in the microcosms. The construction 

of chambers and canals as a result of ants nest building activity could lead to better 

water holding capacity in soil and consequently to higher soil moisture. Soil 

microflora was not affected by food treatments. Offering alternative sugar and/or 

protein resources for ants had a negative effect on aboveground plant biomass. 

Shoot biomass decreased, while root biomass was not influenced (Figure 6). On 

average, we detected a higher root/shoot-ratio when sugar/protein was offered to 

ants. Honeydew exuded by Homoptera may encourage colonisation of the plant 

shoot by fungi (Haines and Haines, 1978a and b), which might be detrimental to the 

plant. Presumably decreasing aboveground activity of ants caused higher fungal 

attack on shoots by less cleaning activity, when ants had access to alternative sugar. 

We could not detect significant differences in aphid biomass or nitrogen content of 

aphids, when ants had access to alternative sugar or protein resources, even though 

decreasing aboveground activity of ants indicated that ants neglected aphids when 

sugar solution was available. Presumably, aphids still profited from ant attendance 

since honeydew collection by ants never stopped completely when they could feed 

on cane sugar, whereas the predation rate by ants apparently decreased, when they 

could feed on mealworms. Beneficial effects of ants on aphids in this experiment was 

limited to the reduction of fungal attack by removing honeydew; there were no 

competitors, predators or parasitoids in the microcosms which could have affected 

the aphids or the relationship between aphids and ants. In the field, the benefits for 

aphids from the presence of ants should be more pronounced. For example, 

attendance by Anoplolepis longipes or Formica rufa caused significant population 

increases of Ceroplastes rubens in the Seychelles (Haines and Haines, 1978a and b) 

and Periphyllus testudinaceus in the U. K. (Skinner and Whittaker, 1981), 

respectively. Our experiments demonstrate that potentially positive indirect effects of 

ants on aphids by even low levels of honeydew collection can be concealed by 

bottom up effects like fertilization and top down effects like predation. 
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Blüthgen et al. (2004) reported, that preferences and monopolization by the 

dominant weaver-ant (Oecophylla smaragdina) were associated with high-quality 

resource, whereas low-quality nectars were used more opportunistically. This could 

explain why ants did not completely stop tending aphids: in our case, cane sugar 

represents a preferably used high-quality resource, while honeydew of aphids 

represents a low-quality resource which is used opportunistically, but not given up 

completely. The concentration of sugar seemed to have the strongest effect on ants´ 

feeding behaviour, so quality of resource for ants under experimental conditions is 

more dependent on the sugar concentration of resource than on amino acids in 

aphids´ honeydew, but the availability of amino acids in honeydew could explain why 

ants did not stop tending aphids. Another reason for the incomplete switch of ants 

could be, that under field conditions, one single resource could be exhausted, so it 

would be advantageous not to rely on only one high-quality resource. The incomplete 

switch from one resource to another seems to have advantages, because ants can 

reach another resource without searching for it. Unprotected aphid colonies, as 

potential sugar resource, suffer under attack by other predators, and aphid colonies 

could be decimated during the time of ant absence, so it would be advantageous for 

ants to attend more aphid colonies at the same time, but with varying frequencies of 

visitation. 

We have shown that ants depend mainly on sugar supply, and that top-down 

effects mediated by them are strongly influenced by foraging behaviour and nutrient 

supply. The biomass of ants increased significantly, when additional sugar was 

offered (Figure 6). With additional sugar we found two times more pupae/larvae 

developed to workers than in colonies which fed on honeydew only. This could be 

related to a different sugar concentration between offered sugar solution and 

honeydew: Auclair (1963) reported, that a 50% sugar-solution has a higher sugar 

concentration than honeydew normally has. The decreasing aboveground activity of 

ant workers having access to additional sugar supply suggests, that ants tended to 

prefer the sugar resources with higher concentration. Sugar composition can be a 

further component of quality. Völkl et al. (1999) reported that ants' preference for 

aphids honeydew depends on the sugar composition of the honeydew. Blüthgen et 

al. (2004) reported that honeydew and nectar sources, particularly rich in amino acids 

were defended and monopolized by the competitively dominant ant Oecophylla 

smaragdina. The key traits influencing the foraging patterns of this ant were amino 
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acid composition and high total concentration of amino acid and sugars. Presumably, 

in our experiments honeydew was not only used as a carbohydrate resource, and 

amino acids are important ingredients, which influence the foraging behaviour of the 

ants. Another reason for higher ant biomass in treatments with additional sugar 

resources could be that honeydew-dependent colonies need more time and energy 

to collect honeydew from their aphids as compared to colonies using the alternative 

sugar resource in an easily accessible place. In addition, in honeydew-dependent 

colonies more workers were recruited protecting the aphids (we observed that 

objects near the aphids were attacked by ants), while it could not be observed that 

workers protected the cane sugar. Altogether, the positive effect of an alternative 

carbohydrate resource on ants might be due to higher sugar concentrations and 

lower foraging costs.  

Offering additional protein had no direct effect on the ant colonies. Ants rely on 

sugar as an energy resource for all their activities and are therefore strongly 

dependent on this resource (Carroll and Janzen, 1973). Ant workers depend less on 

prey, as only queen and larvae need significant amounts of protein (Beattie, 1985). 

Colonies in our experiment did not contain any queens, thus no new larvae 

developed and only already existing larvae were fed with protein-rich food. However, 

there was no difference between larval biomass in treatments with and without 

additional protein. Thus only carbohydrate supply could modulate top-down effects of 

ants on aphids and plants. 

 

Bottom-up effects traced by stable isotopes 

Due to low δ15N values of fertilizer, the application resulted in lower δ15N -values in 

shoots and in higher δ15N-values in roots (Figure 7). These differences in enrichment 

between plant parts could be caused by developmental strategies of the plant. In 

experiments with 15N- labelled fertilizer, Weigelt et al. (2005) could divide different 

grassland plants into slow growing and fast growing species, based on the amount of 
15N-label incorporated in shoots, roots and total plant biomass and based on biomass 

root/shoot ratios. Slow growing species were characterized by a low root/shoot ratio 

(0.4), while fast growing species had significantly higher root/shoot ratio (ranging 

between 0.9 to 1.5). In our experiments Phaseolus had a root/shoot ratio of about 

0.18 and can thus be assigned to the slow growing species type. Comparing the 15N 

concentrations, the slow growing species in Weigelt's experiment had greater values 
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of 15N in root than in shoot tissue, whereas for fast growing species shoot the 15N 

concentration was two to three times greater in shoots than in roots. Also the overall 
15N uptake (sum of root and shoot 15N concentration) was significant greater in fast 

growing compared to slow growing species. This indicates that Phaseolus, in 

comparison to different grasses, has a slow growing developmental strategy with a 

high 15N concentration in roots. Apparently, fertilization increases the differences 

between root and shoot 15N concentration mainly by increased 15N sequestration in 

roots.  

Aphids feed on phloem sap of shoots, and use the phloem sap to built up their 

own tissue. Our stable isotope analyses showed that the 15N-ratio in aphids on 

fertilized plants reflected the isotope distribution in the shoots of these plants. Under 

fertilized conditions plant shoots and aphids stored less 15N-isotopes (Figure 7), 

which demonstrates that aphids are influenced by their host plant. Reports of other 

authors show that aphids are sensible to changes in the nutrient quality of their host 

plant. A higher nitrogen concentration can promote development and increase 

reproduction of herbivores, because they are often N-limited (Mattson, 1980; White, 

1993). Fertilizer application caused a decrease in 14N/15N-ratio of plants and aphids. 

This effect continued from bottom-up within the system and was significant even in 

the ants as a third trophic level. The difference was pronounced in treatments, where 

honeydew was the only sugar resource for the ants: in treatments without access to 

an additional carbohydrate resource for ants, the ants in unfertilized microcosms 

showed higher δ15N-values (difference original colonies - experimental colonies 

0.835‰) as compared to ants in fertilized microcosms (difference original colonies - 

experimental colonies 0.285‰). The lower δ15N values of plant shoots in fertilized 

microcosms caused a decrease in δ15N values of aphids (without fertilizer 4.502‰; 

with fertilizer 3.626‰). Their honeydew influenced the 15N-values of ants and this 

indicates, that the bottom-up effect by fertilizer application passes through the system 

at all trophic levels. 

 

Top-down effects traced by stable isotopes 

We found higher δ15N-values of ants in treatments without an alternative 

carbohydrate resource compared to treatments with this resource (Figure 7). These 

differences could be caused by higher honeydew or aphid consumption in the 

absence of alternative sugar. This interpretation is supported by the higher N content 
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and the more conspicuous trace signal of fertilizer in ants without access to cane 

sugar solution. When ants fed on honeydew in order to collect sugar, they 

simultaneously consumed amino acids. Honeydew production should be higher in 

treatments without fertilizer application. Aphids need to consume more phloem sap to 

get the same amount of nitrogen in comparison to fertilized treatments and thereby 

their 15N values increased due to decreasing shoot 14N-values in unfertilised 

treatments. Offered protein for ants increased their δ15N-values by consumption of 

mealworms. 

Food components of organisms in trophic relationships can be differentiated by 

their δ13C-values: the aphids feed on phloem-sap, use it for growth and excrete the 

rest by producing honeydew; the δ13C-values of aphids were similar to those of 

plants. In concordance with our results, Blüthgen et al. (2003) found that isotope 

signatures of homopterans are in a range similar to those of their host plants. For 

ants without additional cane sugar solution, honeydew represented the only sugar 

resource in the microcosm. δ13C-values of ants approximated the δ13C-values of the 

aphids, because ants fed exclusively on honeydew. Blüthgen et al. (2003) presumed 

that δ13C data are good measures to characterize food substrates like nectar, 

honeydew or prey. He emphasized that further studies using controlled diets will be 

needed to assess the proportions of C- and N-flows from different source and 

compounds. 

The idea to separate the two resources (aphids feeding on C3 plants and 

alternative food originating of C4 plants) due to different δ13C values between of C3 

and C4 plants (Codron et al., 2005) was a good method to identify the food resource 

and differences were pronounced. It is well documented that these differences 

persists in the tissue of animals feeding on these plants (Cerling and Harris, 1999). 

In conclusion, ants had a positive effect on aphids, but we were not able to 

support Pontin´s hypothesis that with increasing sugar intake more protein is needed 

to maintain a balanced protein-carbohydrate intake. The limited protein need of ants 

in our study due to the absence of a queen within the colonies allows no direct 

comparison to studies based on natural colonies, so Pontin´s hypothesis cannot be 

rejected. Furthermore, the limited protein need could be the reason that ants in our 

experiment neglected aphids when they had access to an alternative sugar resource. 

In further studies the presence of a queen would be important for assessing the 

amount of protein needed to sustain a colony. 
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Appendix 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix A. Laboratory microcosm with a bean plant (Phaseolus vulgaris) infested with 
Aphis fabae, containing an ant nest (Lasius niger) in the soil. Via plastic tubes ants had 
access to the separated aboveground system with the plant and the aphids and to a 
separated foraging area, where water and alternative food of the respective treatment (cane 
sugar solution and/or freeze dried mealworms) was offered. 
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Appendix B. Influence of fertilizer application and additional food for Lasius niger on a) soil 
moisture, b) microbial biomass, and c) basal respiration. Means ± SD are given. Grey 
bars=without fertilizer, black bars=with fertilizer, A -=control without Lasius niger, 
C=carbohydrate, P=protein, F=fertilizer; +=with, -=without. 
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Appendix C. Influence of fertilizer 
application and additional food for 
Lasius niger on a) nitrogen 
content in shoots, b) total amount 
of nitrogen in shoots, c) nitrogen 
content of aphids, d) total amount 
of nitrogen in aphids, e) nitrogen 
content in ants, and f) total 
amount of nitrogen in ants. Means 
± SD are given. Grey 
bars=without fertilizer, black 
bars=with fertilizer, A -=control 
without Lasius niger, 
C=carbohydrate, P=protein, 
F=fertilizer; +=with, -=without, 
dw=dry weight. 
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Abstract  

In this microcosm experiment, we studied the interaction between ants (Lasius niger), 

aphids (Aphis fabae) and the soil microbial community. We addressed the question 

whether ants alter carbon and nitrogen flow between above- and belowground 

systems. Stable isotope techniques and DGGE were applied. The common bean, 

Phaseolus vulgaris, was labelled successfully with δ15N and served as host plant for 

aphids. The δ15N content in aphids increased to 136.1 ‰. Consequently, labelled 

aphids’ honeydew, allowed a quantification of the material flow of nitrogen via 

honeydew and soil within the microcosm system and to a neighbouring Arrhenaterum 

elatius plant.  

After eight weeks, ant larvae incorporated a mean amount of 2.7 % nitrogen 

originating from the plant/aphid-system into their tissue (increase of δ15N from 2 ‰ 

up to 5.6 ‰ during the experiment), while in adult ant workers δ15N values increased 

from 2.4 ‰ to 16.9 ‰, representing the material flow from aphids to ants and a 

proportion of 10.8 % nitrogen gained from this flow. . The presence of aphids 

increased microbial biomass in the litter overlay and increased the abundance of the 

already existing soil bacterial populations in microcosm soil. The presence of ants 

reduced honeydew amounts dropping on the litter surface, which led to lower 

microbial biomass in the litter layer in systems with ants. The activity of ants 

promoted the material flow from the aboveground to the belowground system. The 

δ15N signature of labelled honeydew reached  from litter to soil when ants were 

present and transmitted this trace to the upper soil samples. Thus, basal respiration 

and microbial biomass in these soils increased, possibly due to higher nutrient input 

(faeces, food remains etc.). Molecular approaches revealed an effect of ants on the 

structure of bacterial populations in soil by promoting a more balanced dominance 

structure between populations. 

 

Keywords 

Formicidae, delta C-13, delta N-15, nitrogen, microbial activity 
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Introduction 

Ants are dominant in most terrestrial ecosystems and have an high impact on the 

aboveground and belowground food webs (Letourneau and Dyer, 1998; Hölldobler 

and Wilson, 1990; Pêtal, 1998). Due to communication and cooperation, ants 

influence their environment to a high degree (Brian, 1983; Hölldobler and Wilson, 

1990). In addition, ants act as ecosystem engineers (Jones, 1994) and influence soil 

properties, such as soil structure, soil pH, water holding capacity, organic matter 

content and exchangeable Ca, Mg, K, and PO4 by nest construction (Lobry de Bruyn 

and Conacher, 1990). The transport of honeydew, prey animals, and organic 

substances into their nest and the addition of secretions and excreta have effects on 

the nutrient distribution in soil. Furthermore, ants can also have effects on the 

structure of food webs (Letourneau and Dyer, 1998) by acting as mutualistic partners 

and predators (Schumacher and Platner, 2009). Mutualistic relationships between 

ants and aphids are common. Ants collect the honeydew produced by aphids as 

food. Honeydew is a sugary excretion of carbohydrates, amino acids and water. It is 

typically rich in sugar, but low in nitrogen and derived from plant phloem (Styrsky, 

2007). In return, the ants provide different services (Way, 1954 and 1963; Matsuura 

and Yashiro, 2006), for example they protect the aphids against their enemies (Way, 

1954 and 1963; Stadler and Dixon, 2005) and remove dead bodies and exuviae 

(Banks, 1962). The intensity of ant-aphid mutualism is mostly positively correlated 

with honeydew quality and quantity (Bristow, 1984; Fischer et al., 2001). Due to ant 

presence, some aphid species alter quantity and quality of produced honeydew. In 

the presence of ants, aphids excrete smaller droplets of honeydew in a higher rate, 

and honeydew contains significantly higher concentration of amino acids (Yao and 

Akimoto, 2002) sucrose, and trehalose (Yao and Akimoto, 2001) than honeydew of 

unattended aphids.  

Ants are directly connected to soil fertility, as they can alter the amount of 

honeydew falling on the soil surface by collecting aphids’ honeydew as well as they 

can change the physical soil conditions by constructing chambers and galleries in the 

soil. In this way, carbon and nitrogen flow within the system are altered. 

Under natural conditions, approximately one-third of the honeydew may fall 

straight to the ground (Wellenstein, 1980), which could be an important component of 

soil fertility (Choudhury, 1985). Stadler (2006) analyzed the effects of ants and aphid 

honeydew on spruce litter: addition of honeydew significantly increased dissolved 
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organic carbon (DOC) as a direct result of honeydew leaching, and decreased 

inorganic N concentrations in leachates. The author proposed that the dropped 

honeydew fuels the growth of microorganisms on the needles, which immobilize 

inorganic N. 

For our experimental analysis, stable isotope techniques were applied. The 

analysis of stable isotopes is a promising method for characterizing the origin of food 

resources under given conditions (Post, 2002). With respect to ants, this method was 

used in a previous laboratory experiment to characterise the origin of ants’ food 

(Schumacher and Platner, 2009) and in field studies to investigate the structure of 

food webs (Sanders and Platner, 2007). 

In our study, we used microcosms with Phaseolus vulgaris L. seedlings labelled 

with 13C/15N and infested with Aphis fabae Scopoli to follow the nutrient flow from 

plant to aphids’ honeydew into the system. Moreover, we wanted to gain insight into 

the effect of ants on carbon and nitrogen flow between aboveground and 

belowground systems. 

The establishment of bacterial communities in microcosms with different ant and 

honeydew treatments was studied by a molecular analysis and respiration 

measurements. 

 

Material and Methods 

Labelling procedure and microcosm set-up 

A microcosm consisted of a pot (alumina 20 cm id 19 cm height) filled with 2.4 kg 

autoclaved loamy sand soil (LUFA Standard Soil Type 2.2; 2.36 ± 0.29 % organic C, 

pH [0.01 M CaCl2] 5.6 ± 0.4, cation exchange capacity 11 ± 2 mval/100 g). Before the 

experiment started, we added 100 ml of a 0.9 % NaCl-inoculant to every microcosm 

to establish comparable conditions for microbial growth. For the inoculant, 1 kg fresh 

soil from a dry hillside of the Werra valley (Witzenhausen Freudenthal, Northern 

Hesse, Germany, for details see Platner 2006) was mixed with 1 l of 0.9 % NaCl-

solution and shaken for half an hour. The soil for the inoculant was a shallow 

Pararendzina (Leptosol) on Triassic limestone with a diverse herb layer dominated by 

Brachypodium pinnatum (L.). 

To each microcosm, a layer of 10 g of dry grass litter was added. Microcosms 

were closed by a transparent perspex cylinder (19 cm id 25 cm height) with 

removable gaze (2 µm) as a lid (Appendix A). In each cylinder a dividing-wall of 2 µm 
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gaze was inserted to separate two compartments in the microcosm in order to keep 

aphids in one compartment only. In one compartment five Arrhenatherum elatius (L.) 

seedlings were planted (=A. elatius side) to detect a putative 15N flow from honeydew 

to the neighboured plants. Outside each microcosm, a pot with labelled Phaseolus 

vulgaris was fixed, only their shoot hanging in the other compartment of the cylinder 

(=P. vulgaris side) (Appendix A). P. vulgaris seeds (breed Solido) were sown six 

weeks before the experiment started. These plants were labelled and served as host 

plants for aphids (Aphis fabae). Labelling started when the beans were at the two-

leave stage. Seedling-shoots were brushed daily with a 97 atom % 13C, 2 atom % 15N 

urea solution for 23 days (Schmidt and Scrimgeour, 2001). In summary, every plant 

was labelled with approximately 4 mL of urea solution (2 g L-1). Each P. vulgaris 

shoot was infested with 25 apterous A. fabae individuals of the same size. Aphids 

were reared on unlabelled P. vulgaris before adding them to the experimental 

containers. Aphid colonies were allowed to develop for two days before experimental 

ant colonies, consisting of 100 Lasius niger (L.) workers and 80 larvae, were added 

in respective treatments. All experimental colonies originated from one ant colony 

that was collected from a dry grassland located near Göttingen, Germany, in 

September 2007.  

The honeydew produced by the aphids from their labeled host plant could be 

collected by workers when ants were present. In the absence of ants, the honeydew 

fell on the ground or attached to bean leaves. In treatments with honeydew 

exclusion, the experimental microcosms included an additional Perspex pane 

beneath the P. vulgaris shoot to prevent honeydew from falling onto the ground. 

During the experiment, the panes were changed every fifth day. The experiment was 

conducted in a heated greenhouse in Göttingen from September to November 2007. 

Additional lighting was provided by Osram lamps (36 W/21-840 Lumilux plus) to allow 

a 12 hour period of light.  

We used a blocked, two-factorial design with the factors ‘ants’ (with and without 

ant presence) and ‘honeydew’ (with and without pane). The 32 microcosms were 

divided into eight blocks; we arranged the four treatments randomly within each 

block. Four control microcosms without aphids and ants were established between 

every second block. The eight blocks rotated every third days during the experiment 

to minimize the block effect.  
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Data collection and statistical analyses  

At the end of the experiment, L. niger workers and larvae were collected by hand and 

frozen at –20 °C. Afterwards freeze-dried biomass of ants and ant larvae was 

measured. P. vulgaris shoots were clipped at the point where shoots reached the 

microcosm. Living aphids of each microcosm were collected by hand and frozen at –

20 °C before freeze-drying and biomass determination. After aphid removal, shoot 

biomass of P. vulgaris was determined by drying shoots at 105 °C for three days. A. 

elatius was divided into shoots and roots (roots were washed with distilled water) and 

dried separately at 105 °C for three days to determine biomass.  

We measured stable isotopes (15N, 13C) and total nitrogen from pulverized plant 

material, litter, soil, and frozen ants and aphids, with two replicates for each sample. 

We analyzed ants in total to avoid skew results due to different isotopic signatures 

among tissues (Tillberg et al., 2006). Bean shoots with the aphid colonies were 

removed 5 days before the ants were collected. The period after ants had the last 

possibility to collect honeydew was supposed to reduce the influence of crop content 

to a marginal rate. Ratios of 13C and 15N were estimated by a coupled system 

consisting of an elemental analyzer (Carlo Erba NA 2500) and a gas isotope mass 

spectrometer (Finnigan Deltaplus). The system is computer-controlled allowing 

measurement of 13C and 15N (Reineking et al., 1993). Isotopic contents were 

expressed in δ units as the relative difference between sample and conventional 

standards with δ15N or δ13C [‰] = (RSample – RStandard)/RStandard x 1000, where R is the 

ratio of 15N/14N or 13C/12C content, respectively. The conventional standard for 15N is 

atmospheric nitrogen and for 13C PD-belemnite (PDB) carbonate. Acetanilide 

(C8H9NO, Merck, Darmstadt) served for internal calibration with a mean standard 

deviation of samples <0.1. 

Grass litter was removed by hand. In each microcosm, three soil samples were 

collected: one from the surface (3 cm) of the P. vulgaris compartment (P. vulgaris 

side), one from the surface (3 cm) of the A. elatius compartment (A. elatius side), and 

one between the compartments in a depth of about 10 cm (ground soil) (Appendix A). 

Litter and soil samples were stirred carefully to homogenize each sample, and a 

subsample was taken to analyse microbial basal respiration, microbial biomass (SIR, 

Anderson and Domsch, 1978; Scheu, 1992), and soil water content (gravimetrically).  

Additionally, in each microcosm the bacterial community of the ground soil 

samples was analysed by denaturing gradient gel electrophoresis (DGGE). Soil 
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samples for molecular analyses were stored at -80 °C until use. Genomic DNA was 

isolated from 250 mg of soil by employing the UltraClean PowerSoilTM DNA Isolation 

Kit (MO BIO Laboratories Inc., Carlsbad, CA, USA) according to the manufacturer´s 

protocol. The final DNA elution step was carried out with 100 µl H2O.  

For DGGE, 16S rRNA genes were amplified by employing the primers 5´- 

CCTACGGGAGGCAGCAG-3´ (BAC 341F) and 5´-CCGTCAATTCCTTTRAGTTT-3 

(BAC 907R) (Muyzer et al., 1995; Muyzer and Smalla 1998). To primer BAC 341F a 

GC clamp (5´-CGCCCGCCGCGCCCCGCGCCCGTCCCGCCGCCCCCGCCCG-3´) 

was attached at the 5’ terminus (Muyzer et al., 1995). The PCR reaction mixture (50 

µl) for amplification of 16S rRNA genes contained 5 µl Mg-free polymerase buffer 

(MBI Fermentas, St. Leon-Rot, Germany), 200 µM of each of the four 

deoxynucleoside triphosphates, 2 mM MgCl2, 2 µM of each of the primers, 1 U of Taq 

DNA polymerase (MBI Fermentas), and 20 ng of isolated DNA as template. The 

following thermal cycling scheme was used: initial denaturation at 95 °C for 2 min, 13 

cycles of denaturation at 94 °C for 1 min, annealing for 1 min at a decreasing 

temperature gradient ranging from 64 °C to 51 °C (1 °C decrease per cycle), and 

extension at 72 °C for 3 min. Subsequently, 12 cycles of denaturation at 94 °C for 1 

min, annealing for 1 min at 51 °C, and extension at 72 °C for 3 min were performed. 

A final extension period at 72 °C for 10 min was carried out. The size of the resulting 

PCR products was controlled by agarose gelelectrophoresis. Subsequently, the PCR 

products were purified by using CyclePure PCR purification kit (Peqlab 

Biotechnologie GmbH, Erlangen, Germany) as recommended by the manufacturer. 

The concentration of purified PCR products was quantified using a NanoDrop ND-

1000 spectrophotometer (Peqlab Biotechnologie GmbH).  

DGGE analysis of 16S rRNA genes was performed using the INGENY phorU 

system (Ingeny International BV, The Netherlands). Purified bacterial amplicons (500 

ng) were applied to a 9 % (wt/vol) polyacrylamide gel containing a 45 % to 60 % 

denaturing gradient (100 % denaturant consisted of 7 M urea and 40 % formamide). 

Electrophoresis was performed at 60 °C and 100 V for 16 h in Tris-Acetate-EDTA 

(TAE) buffer, which consisted of 40 mM Tris, 20 mM acetic acid, and 1 mM EDTA. 

Subsequently, the gels were stained with SYBR Gold (Invitrogen, Karlsruhe, 

Germany). 

The resulting DGGE profiles were analyzed using GelCompare II software 

(Applied Maths, Kortrijk, Belgium). Clustering was performed using the unweighted 
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pair group method with mathematical averages (dice coefficient of similarity). 

Background subtraction was applied and position tolerance was set to 1 %. 

Prominent bands were excised and stored in 100 µl 1fold TAE overnight. One µl 

of the buffer containing DNA was used as template for reamplification by employing 

the above mentioned primers BAC 341F without attached GC-clamp and BAC 907R. 

The PCR was performed as described above. Subsequently, purified PCR products 

were ligated into pCR2.1 vector using TOPO TA Cloning Kit and resulting plasmids 

were transferred to E. coli DH5α cells, according to the manufacturer´s protocol 

(Invitrogen GmbH, Darmstadt Germany). Plasmids have been isolated from 

recombinant clones and the inserts were sequenced by the Göttingen Genomics 

Laboratory. For the phylogenetic analysis of the thereby obtained 16S rRNA gene 

sequences the Ribosomal Database Project (http://rdp.cme.msu.edu/) was used. 

Biomass and isotope data were analyzed by two factor analyses of variance (SAS 

8.1, SAS Institute Inc., Cary, USA), and means of different treatments were tested for 

significant differences by Tukey’s test (Sokal and Rohlf, 2001). The effect of ‘aphids’ 

was analyzed in a one-way GLM comparing controls with the treatment 'no ants' and 

'honeydew' (A-H+; Figure 8). Data of basal respiration and microbial biomass were 

analysed by a MANCOVA (Scheiner, 2001) with the mean soil water content as 

covariable.  

 

 

Results 

Plant and aphid biomasses 

Aboveground biomass of P. vulgaris did not differ between treatments, but biomass 

in experimental microcosms with aphids (mean ±SE, n=8: 1112.2±533.1 mg dry 

weight beans and shoot within microcosm) was significantly higher than in controls 

without aphids (mean ±SE, n=4: 527.5±79.2 mg; GLM with factor ‘aphids’, Table 1, 

Figure 8). Plants without aphids produced nearly no beans (one plant with a yield of 

100 mg dry weight), whereas those in experimental microcosms with aphids 

produced in every treatment a mean yield of 564.1±72.4 mg dry weight (n=32). In A. 

fabae colonies, the number of living alate aphids increased significantly due to ant 

presence (8.6±5.4 individuals without ants, 25.1±7.5 ind. with ants, n=16; F1,21=4.48, 

p=0.0464, for factor ‘ant’ in a two-factorial ANOVA; Figure 7). A. elatius shoots and 

roots were not affected by treatments (Figure 7).  
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Table 1. Effects of ‘aphids’ on the biomass (dry weight), δ15N content (‰), H2O of soil dry 
weight (%), basal respiration (µg O2 g

-1 dry wt h-1) and microbial biomass (µg Cmic g
-1 dry wt). 

All comparisons between ‘control’ and ‘A-H+’ treatment were made using a one-way GLM. P-
values of significant effects (p < 0.05 ) are presented in bold letters, those of marginal 
significant effects (p < 0.1) are presented with three decimal places. Degrees of freedom: 
effect=1, error=14. 
 
 F p 
Biomass P. vulgaris shoot 18.29 0.0008 
Biomass A. elatius shoot 1.84 0.20 
Biomass A. elatius root 0.90 0.36 
δ15N P. vulgaris shoot 5.28 0.0375 
δ15N A. elatius shoot 3.44 0.085 
δ15N A. elatius root 3.72 0.074 
δ15N litter 6.29 0.0250 
δ15N soil P. vulgrais side 3.70 0.075 
δ15N soil ground 11.29 0.0047 
δ15N soil A. elatius side 1.08 0.32 
Litter moisture 7.64 0.0152 
Soil moisture P. vulgrais side 4.86 0.0447 
Soil moisture ground 10.50 0.0059 
Soil moisture A. elatius side 9.43 0.0083 

Basal respiration litter 3.77 0.073 
Basal respiration P. vulgaris side 0.02 0.88 
Basal respiration ground 3.55 0.080 
Basal respiration A.elatius side 4.74 0.0470 

Microbial biomass litter 128.90 <0.0001 
Microbial biomass P. vulgaris side 0.70 0.42 
Microbial biomass ground 8.59 0.0109 
Microbial biomass A.elatius side 0.12 0.74 

 

Stable isotopes 

A comparison of the isotope signature between unlabelled P. vulgaris shoots (δ15N 

4.5 ‰, see Schumacher and Platner, 2009) and labelled shoots (148.5 ‰), both 

inhabited by aphids and grown under same conditions, allows to assess the success 

of labelling. Labelling strongly increased δ15N values in shoots. The strongest 15N 

labelling of P. vulgaris shoots was measured in control microcosms without aphids 

with δ15N values of 223.8±53.6 ‰ (n=4), whereas in aphid-infested shoots δ15N 

values were significantly lower (A-H+: 141.7±6.5 ‰, n=8; GLM with factor ‘aphids’, 

Table 1, Figure 1 and Figure 8). On average, δ15N values in living aphids were lower 

than in P. vulgaris shoots (difference between aphids and P. vulgaris shoots 10.3 ‰, 

Figure 1). The δ15N values in ants and their larvae increased during the course of the 

experiment (on average 14.43 ‰ and 3.39 ‰, respectively, Figure 1).  
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The δ15N values in shoots and roots of A. elatius measured in control microcosms 

were slightly lower than in microcosms with aphids (GLM with factor ‘aphids’, Table 

1, Figure 1 and Figure 8). Stable isotopes of both plant parts were not affected by 

‘ants’ or ‘honeydew’.  

The δ15N values in the litter layer of controls (-0.9 ‰) were significantly lower than 

in experimental microcosms (1.72 ‰, GLM with factor ‘aphids’, Table 1,  Figure 8). 

Ant presence and honeydew falling on the ground led to marginal significant higher 

δ15N values in the litter (without ants 1.74 ‰, with ants 1.96 ‰; without honeydew 

0.68 ‰, with honeydew 2.76 ‰; Table 2, Figure 7). Additionally, ants significantly 

increased δ15N values in samples from the soil surface on both, the P. vulgaris 

(without ants 0.62 ‰, with ants 1.05 ‰) and the A. elatius side (without ants 0.89 ‰, 

with ants 1.17 ‰) (Table 2, Figure 7). 

 

 

Table 2. Effects of ‘ants’ and ‘honeydew’ on the δ15N contents. All comparisons were made 
using a two-way ANOVA. P-values of marginal significant effects – p < 0.1 – are presented 
with three decimal places. df=degree of freedom. 
 
  δ15N aphid log δ15N litter δ15N soil P. 

vulgaris side 
δ15N ground 

soil 
δ15N soil A. 
elatius side 

 df F p F p F p F p F p 
ants 1 0.39 0.54 3.19 0.092 4.73 0.0411 0.03 0.86 5.27 0.0320 
honeydew 1 2.37 0.14 3.22 0.091 0.08 0.78 0.62 0.44 0.06 0.82 
block 7 2.21 0.087 0.44 0.87 6.55 0.0004 6.06 0.0006 9.35 <0.0001 
ants*ho 1 0.09 0.77 0.53 0.48 0.23 0.64 0.03 0.87 1.26 0.27 
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δ15N contents 

 

Figure 1. δ15N content (‰) in Phaseolus vulgaris, Aphis fabae, Lasius niger and 
Arrhenatherum elatius, as well as in litter and soil samples of the different microcosm 
treatments. The different treatments are indicated as follows: A- = without ants; A+ = with 
ants; H- without honeydew; H+ with honeydew; control = without aphids and ants. 
 

 

δ15N values in shoots and roots of A. elatius measured in control microcosms 

were slightly lower than in microcosms with aphids (GLM with factor ‘aphids’, Table 

1, Figure 1 and 6). Stable isotopes of both plant parts were not affected by ‘ants’ or 

‘honeydew’.  

δ15N values in the litter layer of controls were significantly lower than in 

experimental microcosms (GLM with factor ‘aphids’, Table 1, Figure 1 and 6). Ant 

presence and honeydew falling on the ground led to marginally higher δ15N values  in 

the litter (Table 2, Figure 1 and 6). Additionally, ants significantly increased δ15N 
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values in samples from the soil surface on both, the P. vulgaris and the A. elatius 

side (Table 2, Figure 1 and 6). 

 

Basal respiration and microbial biomass 

The water content did not differ significantly between treatments in any of the soil or 

litter samples, but litter and soil moisture in experimental microcosms with aphids 

was significantly higher than in controls without aphids (GLM with factor ‘aphids, 

Table 1, Figure 8). A marginal significant higher basal respiration was measured in 

microcosms with aphids (experimental microcosms A- H+, Figure 2) than without 

aphids (controls; GLM with factor ‘aphids’, Table 1, Figure 8). In the grass litter, 

microbial biomass (Cmic) was significantly higher in microcosms with aphids than 

without aphids (GLM with factor ‘aphids’, Table 1, Figure 8), but when ants inhabited 

the microcosms microbial biomass significantly decreased (A- 855, A+ 696 µg Cmic g
-

1 dry wt, Table 4, Figure 3a and Figure 7). Without ants, BAS and Cmic increased 

when honeydew could reach the litter, but when ants were present the opposite was 

observed (interaction between ‘ants’ and ‘honeydew’, Table 3 and 4, Figure 2a and 

3a).  

Basal respiration (BAS) and microbial biomass (Cmic) in soil samples taken 

beneath the P. vulgaris shoots were lower in treatments where honeydew could 

reach the soil surface (BAS: H- 1.08, H+ 0.89 µg O2 g
-1 dry wt h-1, Table 3, Figure 2b; 

Cmic: H- 7.37, H+ 5.01 µg Cmic g
-1 dry wt, Table 4, Figure 3b and Figure 7), but both 

parameters increased when ants inhabited the microcosms (BAS: A- 0.874, A+ 1.095 

µg O2 g
-1 dry wt h-1; Table 3, Figure 2b; Cmic: A- 5.85, A+ 6.53 µg Cmic g

-1 dry wt, 

Table 4, Figure 3b). In these and the following soil samples, BAS and Cmic differed 

significantly between blocks (Table 3 and 4). 
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Figure 2. Graph showing the basal respiration in the litter layer (a), the soils of the P. 
vulgaris side (b), the soils of the ground (c) and the soils of A. elatius side (d). For 
abbreviations see Figure 1. 
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Figure 3. Illustration showing the microbial biomass in the litter layer (a), the soil of the P. 
vulgaris sides (b), the soil of the ground (c) and the soil of A. elatius sides (d). For 
abbreviations see Figure 1. 
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Table 3. Effects of ‘ants’ and ‘honeydew’ on basal respiration (BAS, µg O2 g
-1 dry wt h-1). All 

comparisons were made using a MANCOVA with the mean soil water content as covariable. 
P-values of significant effects (p < 0.05 ) are presented in bold letters, those of marginal 
significant effects (p < 0.1) are presented with three decimal places. df=degree of freedom. 
 
  soil P. 

vulgaris side  
ground soil  soil A. 

elatius side 
litter  

 df F p F p F p F p Wilks’ 
Lambda 

F p 

Mean soil 
moisture 

1 3.80 0.065 0.45 0.51 5.64 0.0277 3.69 0.069 0.5466 3.53 0.0286 

block 7 2.76 0.0351 6.50 0.0004 5.95 0.0008 1.23 0.33 0.0752 2.35 0.0026 
ants 1 5.67 0.0273 5.63 0.0278 0.36 0.56 0.20 0.66 0.5874 2.99 0.0489 
honeydew 1 3.46 0.078 2.45 0.13 3.19 0.090 0.81 0.38 0.6595 2.19 0.11 
ants*ho 1 1.80 0.20 1.78 0.20 0.74 0.40 4.30 0.051 0.5394 3.63 0.0259 

 
 
Table 4. Effects of ‘ants’ and ‘honeydew’ on microbial biomass (Cmic, µg Cmic g

-1 dry wt). All 
comparisons were made using a MANCOVA with the mean soil water content as covariable. 
P-values of marginal significant effects – p < 0.1 – are presented with three decimal places. 
df=degree of freedom. 
 
  soil P. vulgaris 

side  
ground soil  soil A. 

elatius side 
litter  

 df F p F p F p F p Wilks’ 
Lambda 

F p 

Mean soil 
moisture 

1 0.22 0.65 1.62 0.22 6.76 0.0171 5.82 0.0255 0.5230 3.88 0.0205 

block 7 7.56 0.0002 4.90 0.0024 3.20 0.0194 2.26 0.073 0.0259 3.93 <0.0001 
ants 1 3.47 0.077 0.29 0.60 3.57 0.073 12.87 0.0018 0.4624 4.94 0.0079 
honeydew 1 28.62 <0.0001 1.07 0.31 2.94 0.10 0.37 0.55 0.3015 9.85 0.0003 
ants*ho 1 0.56 0.46 1.23 0.28 1.96 0.18 4.38 0.0493 0.75 1.38 0.28 
 
 

BAS in soil samples from microcosm ground was significantly higher when ants 

were present (A- 1.15, A+ 1.45 µg O2 g
-1 dry wt h-1, Table 3, Figure 2c and Figure 7). 

In soil samples from the A. elatius side BAS was marginally lower in treatments with 

honeydew (H- 1.21, H+ 1.08 µg O2 g
-1 dry wt h-1, Table 3, Figure 2d and Figure 7), 

and Cmic marginally higher in treatments with ants (A- 5.55, A+ 6.22 µg Cmic g
-1 dry 

wt, Table 4, Figure 3d and Figure 7).  

 

Bacterial community analysis 

The effect of ‘ants’ and ‘honeydew’ on the bacterial soil community was assessed by 

denaturing gradient gel electrophoresis (DGGE) of soil DNA derived from samples of 

eight replicated microcosms per treatment. The obtained DGGE fingerprints 

(Appendix B). were digitalized and a cluster analysis using GelCompare was 

performed. The resulting dendrogram (Figure 4) did not show a distinct clustering of 
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the different ‘ant’ and ‘honeydew’ treatments. This is due to the high variation of the 

banding patterns within ‘ant’ treatments. Correspondingly, bacterial communities from 

control soil samples did not cluster in one group separate from the different 

treatments. 

 

 

Figure 4. Bar chart showing the distribution of phyla derived from the excised banding 
patterns of the DGGE fingerprints. Letters indicating the, in Appendix B A. and B. marked, 
excised banding patterns. 
 
 

Twenty six dominant bands (marked in Appendix B) were excised from the Gels, 

cloned and sequenced. Phylogenetic analysis of the 16S rRNA gene sequence data 

showed that the Proteobacteria were most abundant, representing 55 % of the 

analyzed sequences (Figure 5). The Firmicutes accounted for 25 %, the 

Actinobacteria for 11%, the Gemmatimonadetes for 4 % and Acidobacteria for 3 % of 

the analyzed 16S rRNA gene sequences. Within the phylum Proteobacteria, the 

Betaproteobacteria (46 %) were the predominant class followed by the 

Gammaproteobacteria (35 %) and the Alphaproteobacteria (17 %). The DGGE 

patterns from the control microcosms were dominated by five intense bands, which 

represent the Gammaproteobacteria), Betaproteobacteria, Alphaproteobacteria and 
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Firmicutes (Figure 6 and Appendix B, bands O, P, R, G and V) and a number of 

fainter bands. In four of the eight replicates of experimental microcosm without ants 

and honeydew (A- H-) appear bands at the same height as band O, which was 

derived from analysis of the control soil (Appendix B). The other four replicates show 

a more diverse banding pattern. Bands running at the same height as band O were 

visible in all treatments, but not in all replicates. For example, analysis of bands A (A-

H+) and Q (A+ H-) revealed that both bands represented the same phyla 

(Betaproteobacteria, Alphaproteobacteria, and Firmicutes). In control soil bands 

appear at the same height as band P, derived from analysis of an experimental 

microcosm without ants and aphids (A- H-). 

 

 

Figure 5. Pie chart illustrating the distribution of the occurred phyla amongst all analysed 
sequences of the selected and excised DGGE banding patterns, marked in Appendix B. 
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Figure 6. Cluster analysis of 
the digitized bacterial DGGE 
fingerprint from Appendix B. 
The UPMGA method was 
applied, which takes the 
presence or absence of bands 
at certain positions in each lane 
into account 
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Similarly, bands running at the same height as band G (treatment A+H-) were 

present in all treatments, but in some more intense than in others. The analysis of 

bands G, H, and T revealed that all these bands occurring at the same height mainly 

represented the Betaproteobacteria, Gammaproteobacteria as well as the 

Alphaproteobacteria and Firmicutes. 

In all ‘no ant’ treatments appear bands at the same position as band E, but not in 

all ‘ant’ treatments. Bands at the height of band D appeared in eight of the sixteen 

‘ant’ as well as in eight of the sixteen ‘no ant’ treatments, with different intensities 

(Appendix B). The sequences, which were determined for band D, were all affiliated 

to the Firmicutes. Honeydew dropping resulted in more diverse bacterial communities 

and increased the intensity of bands B, C and V (treatment A-H+, Appendix B). 

Bands B, C, and V were dominated by Gammaproteobacteria and Firmicutes. In the 

absence of honeydew, the intensity of band L increased. The dominating phyla in 

band L were the Firmicutes and the Betaproteobacteria. When ants inhabited the 

microcosm (treatments A+H-, A+H+) a high variation of number and location of 

abundant bands within the replicated treatments was observed (see bands U, P, A, 

S, R and I in Appendix B).  

In summary, no distinct separation of the different treatments was visible in the 

DGGE banding patterns and the cluster analysis.  

 

Figure 7 summarizes the effect of aphid honeydew compared to controls and Figure 

8 summarizes the effect of ‘ants’ and ‘honeydew’ when experimental treatments were 

compared. 
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Figure 7. Above- and belowground effect of ‘aphids’, analysed in a one-way GLM comparing 
controls with the treatment 'no ants' and 'honeydew' 
 

 

Figure 8. Effects of ‘ants’ and ‘honeydew’ in above- and belowground systems. Solid 
line=ant effect, dotted line=honeydew effect. 
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Discussion 

Biomass and stable isotopes 

When P. vulgaris served as a host for aphids, δ15N labelling in shoots was lower than 

in control microcosms without aphids, indicating that aphid infestation reduced the 

labelling strength. Aphids feed on the sugar-rich but amino acid-poor phloem sap of 

their host plant and excrete honeydew as a sugary waste product (Way, 1963). The 

uptake of the 15N isotopes by aphids was measured in aphids’ tissue. Aphids’ δ15N 

signature in unlabelled plants in a similar experiment amounted to 4.1 ‰ 

(Schumacher and Platner, 2009). In our experiment, the labelling procedure of plants 

increased the δ15N content in aphids to 136.1 ‰ and allowed us to follow the nitrogen 

flow via honeydew, litter, and soil between the different compartments within the 

microcosms. 

Ants collect the honeydew to cover their demand on carbohydrates. In return, 

ants protect the aphids against predators and parasitoids and reduce fungal disease 

by removing honeydew and exuviae (Stadler and Dixon, 2005). Experimental ant 

colonies originated from one collected colony that was divided into 16 experimental 

sub-colonies. The δ15N of the original colony was nearly equal between ants (2.4 ‰) 

and their larvae (2.3 ‰). These values represented the initial value of ants and larvae 

at the start of the experiment. At the end of the experiment larvae had incorporated 

more of the δ15N isotope (5.6 ‰) into their tissue compared to larvae from the origin 

colony, showing the material flow from aphids to ant larvae. Moreover, adult ant 

workers showed an increase in δ15N values higher than 4-fold, compared to their 

larvae at the end of the experiment (16.9 ‰). The crop content of workers could not 

be responsible for isotope signature, because plants and aphids were removed five 

days before ants were collected and the crops should have been empty. The 

increase of δ15N in workers may reflect the larval diet, as ants are holometabolous 

insects which obtain their biomass mainly during the larval stage (Blüthgen et al., 

2003). However, Fischer et al. (2005a) calculated a daily nitrogen incorporation rate 

of 0.05% of bulk body nitrogen from a labelling experiment for Myrmica rubra 

workers. 

In the ant-aphid mutualism, the advantage for aphids in this study was restricted 

to the reduction of fungal disease by hygienic services, as no predators and 

parasitoids could reach the aphid colonies and no other honeydew producers 

competed for ant attendance. In our study, no changes in aphid colony biomass were 
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detected due to ant presence, but attendance led to the development of significantly 

more alate aphids. This result indicated that ants promoted aphids’ spreading during 

the experiment. Contrary to our results, recent studies have found that the 

occurrence of winged adults is negatively associated with ant attendance (Dixon, 

1998; Kindlmann et al., 2007). Due to protection by ants, aphids might be less 

induced to escape from their natural enemies by dispersal (Dixon and Agrawala, 

1999; Müller and Godfray, 1999; Kunert and Weisser, 2003). In our study, the 

honeydew and protein demand for ants might be reduced over time, as on average 

61 % of the added workers died and 56 % of the added larvae died or developed to 

adult workers during the experiment. The lower demand possibly resulted in a lower 

tending activity and less hygienic service by ants. Decreasing ant activity on 

previously tended aphid colonies could have stimulated the production of winged 

individuals. 

When aphids are tended by ants, aphids can increase the frequency of honeydew 

excretion to increase attractiveness for ants. Moreover, the honeydew of tended 

aphids contains significantly higher concentration of amino acids (Yao and Akimoto, 

2002), sucrose and trehalose (Yao and Akimoto, 2001). Llewllyn and Leckstein 

(1978) reported that unattended larval A. fabae reared on broad beans utilized 54 % 

of their energy intake for growth, 4 % was lost during respiration and 42 % was 

excreted as honeydew. Völkl et al. (1999) measured a total sugar concentration of 

29.1 µg sugar per µl honeydew in honeydew of A. fabae reared on Tanacetum 

vulgare when aphids were tended by ants. Fischer et al. (2005b) found a total sugar 

concentration ranging from 27 to 42 µg sugar per µl honeydew in A. fabae on various 

host plants. Honeydew and its varying amounts and ingredients due to ant 

attendance can also have effects in the belowground system. Compared to controls, 

aphids’ honeydew led to significantly higher δ15N values in the litter layer. In 

experimental microcosms, both ‘honeydew’ and ‘ants’ led to a marginal significant 

increase δ15N values in the litter. But in soil samples from experimental microcosm 

without ants, no effect of honeydew was found, showing that the δ15N trace of 

honeydew did not reach the soil and that the material flow ended in the litter layer. 

The presence of ants, however, significantly increased δ15N content in the upper soil 

samples (P. vulgaris side and A. elatius side), indicating that ant activity stimulates 

the pathway from the aboveground to the belowground system.  
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Comparison of controls with treatments ‘no ants’ and ‘no honeydew’ indicated, 

that honeydew was not completely excluded in ‘no honeydew’ treatments by pane. In 

‘no ants’ and ‘honeydew’ treatment, δ15N values were significantly higher in ground 

soil samples when compared to control, but when compared to other experimental 

treatments, δ15N values did not differ significantly. This indicates that despite pane, 

honeydew reached the soil what would weaken the clarity of the honeydew effect in 

experimental treatments.  A reason for the missing δ15N trace of honeydew in soil 

samples in our experiment can be associated with watering the microcosms only on 

the A. elatius side to prevent honeydew from leaching off the perspex pane and 

reaching the soils in ‘no honeydew’ microcosms. Perhaps condensed water washed 

off honeydew attached on microcosm cylinder into the soil. Also in natural systems 

the effect of honeydew may be stronger because rain may wash the honeydew 

through the litter into the soil.  

Planting A. elatius in the microcosms should show a possible 15N flow from P. 

vulgaris via honeydew to the neighboured A. elatius plants. When comparing controls 

with the treatment 'no ants' and 'honeydew' we could show marginal higher δ 15N 

values in roots and shoots of A. elatius plants in microcosm with aphids. However, no 

significant effect of ‘ant’ or ‘honeydew’ on the δ15N content of A. elatius roots or 

shoots was detected.  

 

Basal respiration and microbial biomass 

Microbial biomass and basal respiration in the litter layer depended on aphid and ant 

activity. Compared to controls, aphid presence led to significantly higher microbial 

biomass in the litter layer. This indicated that aphids positively affect litter 

microorganism by delivering nutrients derived from honeydew excretion. Without 

ants, honeydew fell onto the litter and its input increased microbial biomass and 

basal respiration, but both parameters were dependent on ant activity and decreased 

when ant inhabited the ‘honeydew’ treatments (interaction ants*honeydew). With ants 

in microcosms, the amount of honeydew reaching the litter might have been reduced, 

because ants collect the honeydew as energy resource. Thus, sugar resources of 

litter microorganisms might have been decreased. Wellenstein (1980) reported that 

under natural conditions approximately 1/3 of honeydew may fall straight to the 

ground. This additional sugar source can be an important component of soil fertility 

(Choudhury, 1985) and ant consumption can reduce the amount of honeydew 
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reaching the soil surface by 50 % (Seeger and Filser, 2008). In contrast to litter, ants 

significantly increased basal respiration and marginally microbial biomass in soils. 

These results indicated that resources for microorganisms were transported from the 

aboveground to the belowground by ants. Significantly increased microbial biomass 

and basal respiration in natural L. flavus nests in comparison to the surrounding soils 

were reported in a study carried out by Platner (2006) in a calcareous grassland. The 

increase of these soil parameters due to ant presence might be caused by the intake 

of prey and mixing soil and litter due to nest construction (Skinner, 1980). In contrast 

to ant presence, ‘honeydew’ significantly decreased microbial biomass and 

marginally basal respiration in the upper soil. On the one hand, the decreased 

microbial biomass in ‘honeydew’ treatments can be explained by the lack of 

additional nutrients for microbial development provided by ants. On the other hand, 

honeydew dropping onto the litter might be quickly consumed by microbes and did 

not reach the soil without ants. In the ground soils, no ‘honeydew’ effect was found. 

However, ants increased basal respiration even in the ground samples. 

 

Bacterial community analysis 

To determine the effect of ‘ants’ and ‘honeydew’ on bacterial community composition 

within the different microcosms, we applied PCR-DGGE. Therefore a 560 bp 

fragment of the 16S rRNA including the variable regions V3, V4 and V5 was 

amplified and applied for DGGE analysis.  

The cluster analysis of the DGGE fingerprints showed no distinct separation of 

the different treated microcosms and the controls. In ground soil samples, three of 

the five main bands (see O, T and V in Appendix B, B.) of the controls also occurred 

in A-H+ treatments, but with higher intensities. In addition, a number of faint bands 

observed in controls, became more pronounced in A-H+ treatments. The comparison 

of bacterial DGGE fingerprints from control soils with soil from microcosm with 

honeydew and without ants (A-H+) indicated that honeydew can increase the 

dominance of the already existing soil bacterial populations. In the case of banding 

patterns O, T and V, the Gammaproteobacteria, Betaproteobacteria and the 

Firmicutes were affected positively. Sugar-rich honeydew is an readily available 

resource for microorganisms and can be quickly consumed. It has been assumed 

that beside other substrates, the most common limiting factor for microbial growth in 

soils is the lack of carbon (Scheu and Schaefer, 1998). An increasing dominance of 
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bacterial populations within the ground soil, however, did not result in changes of 

microbial biomass or basal respiration. This might be due to reverse reaction in 

fungal community, but this was not investigated. However the presence of ants 

changed banding patterns from few dominant bands in controls to patterns with more 

distinct bands of equal intensity, indicating that ants can change bacterial populations 

by promoting a more balanced dominance structure between populations. The 

number and position of the different bands (see Appendix B, bands U, P, A, S and R) 

strongly differed within the ‘ant’ treatment. As mentioned before, this allowed no clear 

separation of ‘ant’ vs. ‘no-ant’ treatments in the dendrogram analysis. Bacterial 

communities directly inhabiting ant nests might be stronger affected by ants than 

bacterial populations outside ant nests. This might lead to differences in response to 

the ant effect between the different microcosms. 

 

Conclusions 

The δ15N signal of plants spread from aphids to aphids’ honeydew and to ants. We 

followed the δ15N trace from the aboveground to the belowground system into the 

litter and, into the soil in the presence of ants. Without ants, honeydew increased the 

biomass of litter microorganisms, whereas ant presence altered honeydew amounts 

in the litter and consequently biomass of litter and also soil microorganisms. In 

ground soil, honeydew increased the abundance of the already existing soil bacterial 

populations, whereas ants promoted a more balanced dominance structure between 

populations, but with different patterns. In this experiment, we could show, that 

aphids can increase nutrient availability for microorganisms inhabiting the litter and 

that ants alter the nutrient flow within the system and transfer of nutrients into soil. 

Thus, aphids have a strong impact on the belowground system, nutrient availability 

and microbial communities, and this effect is highly dependent on the tending activity 

of ants. 
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Appendix A. Microcosm set up. Two 
compartments were established: the P. 
vulgaris side with labelled bean shoots 
infested with aphids and the A. elatius
side with grass seedlings, divided by a 
gaze wall. 
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Appendix B. DGGE profiles (A. and B.) derived from the bacterial community of the ground 
soil of the four different treatments. For each sample 500 ng of PCR-product were applied to 
a DGGE gel containing 9 % acrylamide and 45 to 60 % denaturant. The excised and 
sequenced banding patterns (Figure 4) are marked. 
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Abstract 

Diversity of the active fungal community, microbial biomass, basal respiration as well 

as soil properties (contents of NO3, PO4, soil moisture) were studied in four ant nest 

mounds and the surrounding soil from a dry grassland in Central Germany. The 

composition of the active fungal communities was analysed by a modified washing 

and plating method while microbial biomass and respiration were measured by 

substrate-induced respiration. A characteristic feature of the nest sites was a 

considerably increased amount of PO4-P and NO3-N, but seasonal changes in 

nutrient concentrations and soil moisture strongly affected microbial activity and 

fungal abundance. Basal respiration, microbial biomass and abundance of fungi were 

correlated with soil water content. Decreasing soil water content and nutrient 

concentrations in spring resulted in lower basal respiration and led to increased 

fungal abundance, especially in ant nests. The most frequent taxa were Penicillium 

species with a total of 38% of the fungal individuals. We isolated 78 fungal species 

from ant nests and 54 from surrounding soils, with 63 species exclusively found in 

ant nests. Significant differences in fungal community composition between ant nest 

mounds and surrounding soil and a considerably higher fungal diversity in ant nests 

indicate that ants fundamentally alter soil conditions and the fungal community. We 

conclude, that ants as a widespread and dominant keystone group have the potential 

to considerably change soil microbial communities and act as a driving factor for 

mineralization processes and therefore modulate bottom-up forces for the whole food 

web by altering the resource supply to other species. 
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Introduction 

Soil is a structured and heterogeneous system that is generally poor in nutrients and 

energy resources. The chemical, physical and biological conditions in soil vary in 

space and time. Soil microorganisms play an important role in belowground systems, 

but they are controlled by energy and nutrient availability and by environmental 

forces (Nannipieri et al., 2003). Soil factors in turn can be influenced by soil-

inhabiting ants, as these eusocial soil animals act as ecosystem engineers by nest 

construction (Jones, 1994), modifying soil properties such as soil structure, particle 

size distribution, bulk density, water holding capacity, soil pH, organic matter, 

nitrogen and exchangeable Ca, Mg, K and PO4 (Pêtal, 1978; Lobry de Bruyn and 

Conacher, 1990 and 1994; Nkem et al., 2000; Frouz et al., 2003). Further, the intake 

of organic substances, prey and honeydew from their mutualistic partners, and the 

secretion of waste products leads to the accumulation of nutrients in ant nests. Thus, 

ants may influence activity and functional diversity of soil microorganisms and this 

likely varies with ant species (Dauber and Wolters, 2000; Holec and Frouz, 2006). 

Indeed, fungi may be favoured in ant nests at the expense of bacteria as indicated by 

analysing nests of Lasius flavus (Platner, 2006). However, little is known on the 

structure and species richness of fungal communities in mounts of grassland ants. 

Changes in microbial community composition can influence higher trophic levels 

because microbes represent the base of the belowground food web (Pokarzhevskii et 

al., 2003) and many soil animal groups show distinct feeding preferences for certain 

microorganisms (Bonkowski et al., 2000; Maraun et al., 2003). Thus knowledge on 

the community composition of microbes is important for understanding belowground 

diversity and functioning. 

We studied the active fungal communities in material from ant nest mounds in 

comparison to the surrounding soil. In order to find qualitative patterns we used the 

traditional washing and plating method isolating active mycelial fungi and analysed 

the results with multivariate statistics. More specifically, we studied (1) whether the 

effect of Lasius ants on soil chemical properties changes with season throughout the 

year, and (2) whether the activity of ants affected the structure of the fungal 

community in nest mounds.  
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Materials and Methods 

 

Sampling and chemical analysis 

The study was carried out in a dry calcareous grassland located on the south-west 

facing slope of the Werra valley (Witzenhausen Freudenthal, Northern Hesse, 

Germany) at 180 m a.s.l. The former pasture has been abandoned for 20 years and 

the soil is a shallow Pararendzina (Leptosol) on Triassic limestone with a diverse 

herb layer dominated by Brachypodium pinnatum L. The soil fauna is dominated by 

earthworms, isopods, mites, plant lice, centipedes and ants (for further details see 

Platner, 2006). The climate is characterized by mild winters and humid summers 

(average annual precipitation 700 mm, mean annual temperature 9°C).  

In Germany, there are 21 ant species of the genus Lasius (Seifert, 2007), many 

of them building nest mounds in soil. At the study site three species were recorded 

with the subterranean yellow ant, Lasius flavus Fabr., being the most abundant 

species (Platner, 2006). This species tends plant-feeding root aphids and 

predominantly feeds on their droppings. At optimal habitat conditions its biomass 

reaches up to 150 kg ha-1 (Nielsen et al., 1976), heaps large amounts of soil to the 

surface and constructs mounds as breeding centre for the underground colony. 

Lasius niger L. is a semi-predatory species, partly feeding on grass seeds and also 

breeding aphids within the nest (Czerwiński et al., 1971), while the third species, 

Lasius alienus Förster is rare. 

Four similar nest sites (plots) were chosen as replicates across the grassland. In 

December 2005 and February, Mai and October 2006 nest samples were taken from 

the middle of nest mounds to a depth of 10 cm. Respective control soil samples were 

taken at a distance of 1 m from each nest with no indication of ant activity. Each 

sample was sieved (4 mm) at the time of collection and stored at field moisture at 

5°C. 

In each of the samples, we determined soil water content (gravimetrically), nitrate 

(KAl(SO4)2 extract; analysed by steam destillation), and phosphate (NaHCO3 extract, 

analysed photometrically as ammonium molybdate complex). Further, microbial 

biomass (Cmic) was determined using the substrate-induced respiration method 

(Anderson and Domsch, 1978) measuring oxygen consumption in an O2-

microcompensation apparatus (Scheu, 1992). The average of the lowest three 

readings within the first 11 h was taken as “maximum initial respiratory response” 

(MIRR, µl O2 g
–1 h–1) and microbial biomass (Cmic; µg C g–1) was calculated as 38 × 
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MIRR (Beck et al., 1997). Basal respiration (BAS) was measured without substrate 

addition at field moisture (lowest three readings after 16 h). Basal respiration of soil 

samples from May was additionally analysed for rewetted soil samples (with a water 

content of 40% of fresh weight) to compensate for the drought in May. 

 

Fungal diversity 

Microfungi were isolated with the washing/sieving-method (cf. Gams and Domsch, 

1967). Approximately 4 g of the soil samples collected in December 2005, May and 

October 2006 were placed into a special washing apparatus. The sample was placed 

on a 250 µm gaze, which was fastened above a 125 µm gaze. Each sample was 

washed 10 min with a constant flow of sterile water to remove fungal spores. Mineral 

particles with a size between 125-250 µm could be removed from the lower gaze and 

45 of these particles per nest and control soil of the three sampling dates were plated 

separately on 2 % malt extract agar containing streptomycine-sulphate and chloro-

tetracycline (0.1 and 0.05 g l-1, respectively) to inhibit bacterial growth. Petri-dishes 

were stored at room temperature. 

We recorded the frequency of fungi developing from 45 plated particles and 

determined the sporulating fungi in nests and surrounding soils. Fungi were 

determined primarily with using Domsch et al. (1993). Additionally, the books of 

Barron (1968), Carmichael et al. (1980), von Arx (1981) and Ellis (1971 and 1976) 

were used. 

 

Statistical analyses 

Data for soil parameters and basal respiration were analysed by a repeated 

measures analysis of variances (SAS 8.1; SAS Institute Inc., Cary, NC) with ‘ants’ 

(nest vs. surrounding) and 'plot' (four nest sites) as factors for between subject effect 

and ‘time’ as the repeated factor. The relationship between basal respiration, 

microbial biomass, fungal abundances and water content was analysed by 

Spearman’s rank correlation. Data were log-transformed to improve homogeneity of 

variance if necessary. Means of different treatments were tested for significant 

differences using Tukey’s honestly significant difference test (Sokal and Rohlf, 2001). 

Fungal diversity was estimated by calculating Simpson’s Reciprocal Index (1/D) 

and species density was calculated with EstimateS (Version 8.0.0, Copyright R. K. 
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Colwell: http://viceroy.eeb.uconn.edu/estimates) for every sample size using Mao 

Tau and charted by an ordination of the species-area curves. 

To compare the fungal communities of nest mounds and surrounding soils we 

used discriminant function analyses (DFA, Statistica Version 7, StatSoft) following a 

non-metric multidimensional scaling (NMDS) of the distance matrix based on a non-

parametric Gamma correlation of the relative frequencies of fungal taxa (isolates per 

45 particles), as described by Tiunov and Scheu (2000). Independently for every 

season, the coordinates of each of the eight samples for four meaningful dimensions 

were used for DFA with ‘ants’ (nest or surrounding) as a grouping variable. Squared 

Mahalanobis distances between group centroids and the reliability of sample 

classification were determined.  

To analyse overall differences in fungal communities NMDS was performed for 

the combined dataset of the three sampling dates. The coordinates of the 24 

samples for four meaningful dimensions were used for DFA with ‘ants’ (nest or 

surrounding) as a grouping variable to analyse the overall squared Mahalanobis 

distances between group centroids for nest and surrounding soil. In addition, the 

combination of ‘ants’ and ‘time’ resulting in six groups was used to compare the ant 

effect at the three sampling dates simultaneously in one analysis. For the 

interpretation of the discriminant axis derived from the DFA with the factor ‘ants’, a 

linear correlation was calculated between the discriminant function score for each 

sample (values for root of first axis) and the relative dominance of each fungal taxon 

isolated from the respective sample. 

 
Results 

Soil and microbial parameters 

Generally the variation between nest sites was high masking differences between 

soil and nest samples of many soil and microbial parameters throughout the year. 

Measurements from surrounding soil on the other hand did not differ as strongly 

between plots (Figure 1, Appendix A). For example, mean differences between 

minima and maxima were 21.2 µg NO3-N g-1 soil dry wt for nests compared to 7.2 µg 

NO3-N g-1 soil dry wt for soil. Similar differences were detected for PO4-P with 45.3 

and 12.2 µg g-1 soil dry wt in nests and soil, respectively.  

Mean concentrations of NO3-N were significantly higher in ant nests than in the 

surrounding soil (Table 1, Figure 1a, Appendix A, B). Further, concentrations of PO4-

P were twice to five times higher  in ant nests than in control soil at all four sampling
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Figure 1. Amounts of a) NO3-N, b) PO4-P, c) water content, d) basal respiration and e) 
microbial biomass in four different ant nests (black lines) and respective surrounding soils 
(shown as a mean in grey line) in December 2005, February, May and October 2006. dw=dry 
weight.
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Table 1. The effects of the factors ‘ants’, ‘plot’, and ‘time’ on the different soil and microbial parameters were tested with repeated measures 
ANOVA. Data for NO3-N and basal respiration were log-transformed. df=degrees of freedom, wt=weight. 
 

  NO3-N 
(µg g-1 dry wt) 

PO4-P  
(µg g-1 dry wt) 

water content  
(%) 

basal respiration 
(µg O2 g

-1 dry wt h-1) 
microbial 
biomass  

(µg Cmic g
-1 dry wt) 

 df F p F p F p F p F p 

December            
ants 1 0.46 0.55 1533.86 0.0007 0.16 0.71 1.23 0.35 2.58 0.21 
plot 3 1.34 0.41 45.86 0.0214 3.23 0.18 3.53 0.16 2.13 0.27 
February            

ants 1 14.21 0.0327 7.55 0.11 3.95 0.14 0.26 0.65 1.30 0.34 
plot 3 3.47 0.17 2.07 0.34 7.31 0.0683 2.78 0.21 2.12 0.28 
May            
ants 1 0.57 0.51 2.30 0.27 0.35 0.60 9.87 0.0516 1.40 0.32 
plot 3 0.25 0.86 3.05 0.26 0.12 0.94 1.95 0.30 1.46 0.38 
October            
ants 1 6.38 0.0858 3.50 0.20 1.39 0.32 0.54 0.52 0.14 0.74 
plot 3 1.00 0.50 4.40 0.19 0.56 0.68 1.91 0.30 1.29 0.42 
ants 1 24.08 0.0162 12.83 0.0699 3.91 0.14 1.53 0.30 0.74 0.45 
plot 3 2.17 0.27 3.56 0.23 0.88 0.54 1.37 0.40 3.66 0.16 
time 3 1.33 0.32 6.26 0.0280 13.38 0.0011 31.59 <0.0001 0.79 0.53 
time*ants 3 0.48 0.70 4.28 0.0616 0.18 0.91 8.73 0.0050 1.75 0.23 
time* plot 9 0.88 0.57 1.63 0.28 0.34 0.94 3.49 0.0385 0.85 0.60 

 
 
 
dates but the concentrations differed significantly with sampling date (Table 1). Differences in phosphate content between nest and 

control soils were most pronounced in December (42.6 µg P g-1 soil dry wt) and February (53.2 µg P g-1 soil dry wt) and decreased in 

May (18.6 µg P g-1 soil dry wt) and October (14.9 µg P g-1 soil dry wt; Figure 1b, Appendix A). 
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Water content also differed significantly between sampling dates (Table 1) with 

February being the wettest and May the driest month (Figure 1c). Mean soil water 

content was slightly lower in ant nests (19.3% H2O of soil fresh weight) than in the 

surrounding soil (21.7%). Two of the nests (plot 1 and 2) had very low water 

contents. These nests dried out to 3.6% (Figure 1c) compared to 15.9% H2O of soil 

fresh weight in the respective control samples. 

Similar to soil moisture, basal respiration strongly depended on sampling date 

being highest in February and lowest in May and October (significant time effect, 

Table 1). Generally, differences between nests and surrounding soil were only 

marginally significant in May with a mean respiration of 1.3 and 3.7 µg O2 g
-1 soil dry 

wt h-1, respectively (Table 1, Figure 1d, Appendix A), except for the two driest nests 

where in this month basal respiration was much lower than in respective surrounding 

soil (time × plot interaction; Table 1). Additionally, we measured basal respiration in 

May samples with soil moisture increased to 40% which strongly increased basal 

respiration from 0 to14.7 µg O2 g
-1 soil dry wt h-1 in the two driest nests, whereas only 

minimal changes occurred in the respective surrounding soil (from 3.3 to 4.3 µg O2 g
-

1 soil dry wt h-1). Also, in the other nests basal respiration increased only little due to 

the addition of water (plot 3, ant nest from 3.2 to 5.4 µg O2 g-1 soil dry wt h-1, 

surrounding soil from 3.5 to 6.0 µg O2 g
-1 soil dry wt h-1; plot 4, ant nest from 2.1 to 

3.3 µg O2 g
-1 soil dry wt h-1, surrounding soil from 4.8 to 5.0 µg O2 g

-1 soil dry wt h-1).  

Microbial biomass did not differ as strongly as basal respiration between nests 

and surrounding soil or between sampling months. Thus we could not detect any 

significant differences (Table 1, Figure 1e). However, basal respiration and microbial 

biomass were positively correlated with soil water content (Table 2). 

 

 
Table 2. The relationship between basal respiration, microbial biomass and water content, 
analysed by Spearman’s rank correlation. 
 

 basal respiration  
(µg O2 g

-1 dry wt h-1) 
microbial biomass  
(µg Cmic g-1 dry wt ) 

 R p R p 
December 0.71 0.0465 0.69 0.0580 

February 0.88 0.0039 0.64 0.0856 
May 0.32 0.4346 -0.29 0.4927 
October 0.38 0.3518 0.29 0.4927 
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Fungal abundance and diversity 

Altogether 292 fungi were isolated, 149 originating from nests and 143 from the 

surrounding soil. Eighty-five isolates were sterile while the remaining 207 isolates 

included 117 species with 60 of the isolated species occurring only once and only a 

few species occurring in higher abundances. While 15 species were found in both 

samples, 63 species were recorded exclusively in nest samples and 39 species 

exclusively in control samples. The list of taxa from each sampling date and their 

abundance are given in Table 3. Rare species with total abundance <2 were counted 

under their genus or, when a genus was found only once, as “single occurrence”. 

 
 
Table 3. Abundances of dominant fungi in ant nest mounds and surrounding soils and linear 
correlation (r-values) between the frequency of fungal taxa and the discriminant function 
score for the first root of discriminant function analysis with ant treatment as grouping 
variable (‘Ant root’; see text for details). Superscript a, b, c, d, e indicate different species 
within the number of individuals, (*) p<0.1, * p<0.05. 
 
 nest surrounding ant root 
Nest mound taxa Dec. May Oct. Dec. May Oct.   

Chrysosporium spp 1a 2b 2c      

Penicillium spec 1  4      0.39(*) 
Penicillium spec 4  4       
Penicillium spec 6 3        

Trichosporiella spp  2ab 1c      

Acremonium spec 9   2     0.39(*) 
Penicillium spec 11   2      
Spec 5   2     0.49* 

Spec 6  1 1     0.39(*) 

Spec 18 1  1     0.36(*) 

unspecific taxa              
Penicillium spec 12  5 2  3  0.42 * 

Paecilomyces spec 1 2 2  2    

Chaetosphaeria spp  4abcd   1c 1e –0.07 (spec 2) 
Penicillium spec 5  2 1  2   
Cladosporium spp 1a 1b 1c 1d 1b  –0.11 (spec 4) 
Trichoderma spp 1a 1b 1c  1d 1c 0.15 (spec 3) 

Verticillium spp  1a  2bc 1d  1b 0.03 (spec 3) 
Acremonium spec 3   2   1 0.18 
Penicillium spec 8   2   1 0.06 

Aspergillus spp 2ab   1c    

Humicola spp  2ab   1a   –0.07 (spec 1) 
Oideodendron spp 1a     1b  
Penicillium spec 10   1   1  
Mortierella spec 1  1    1  
Wardomyces spp   1a  1b   
Acremonium butyri   1   4  
Acremonium spec 2  1   4  -0.24 
Penicillium spec 3  4   13  0.04 
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 nest surrounding ant root 

surrounding soil taxa Dec. May Oct. Dec. May Oct.  

Penicillium spec 2     1 15 -0.40(*) 
Paecilomyces nr farinosus     3   -0.3 

Penicillium restrictum      3 -0.39(*) 
Spec 7    2    

Others              

Yeasts    1 3 1 -0.39(*) 
sterile hyaline 6 14 9 10 7 9  
sterile dematicous 2 9 1 2 3 13  
single occurrence 10 15 9 8 9 9  

number of idientfied taxa 20 35 27 15 20 20  
number of fertile individuals 23 51 34 19 40 40  

 
 

We found significant differences in fungal community composition between ant 

nest mounds and surrounding soils (DFA with 2 groups of ‘ants’, Wilks’ lambda 

0.5764, p=0.0268; Figure 3). The higher fungal diversity in ant nests with a 

Simpson’s Reciprocal Index (1/D) of 103.2 in nests and 21.2 in the control soil 

supports this finding. Fungal diversity was increased at each of the sampling dates 

(December, nests 63.3, surrounding soil 30.6; May, nests 41.1, surrounding soil 8.6; 

October, nests 80.1, surrounding soil 7.0). Moreover, the species area curves show a 

higher slope for nests than for control soil, but both curves do not reach saturation 

(Figure 2).  

 

Figure 2. Species-area curves of fungal species occurring in nest and surrounding soils 
during the sampling season.
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The fungal communities were significantly influenced by the factor ‘time’ (DFA 

with 3 groups of ‘time’, Wilks’ lambda 0.1782, p<0.0001; squared Mahalanobis 

distance between December and May 5.50, p=0.0088, and between May and 

October 10.87, p=0.0003), and the abundance of fungi was negatively correlated with 

the soil water content (R=-0.46, p=0.0255). The location of sampling sites had no 

effect (DFA with 4 groups of ‘plot’, Wilks’ lambda 0.5275, p=0.4379). In an 

independent analysis for nests and surrounding soil, the communities in nest 

substrates changed significantly in the course of the year, but no or only marginally 

significant differences were found in the surrounding soil (DFA with 6 groups of ‘ants’ 

and ‘time’ combination, Wilks’ Lambda 0.0700, p=0.0005, Table 4). However, nest 

and surrounding soil communities were well separated in each season (Figure 3). 

 

 

 
 
Figure 3. Fungal community composition in ant nests and surrounding meadow soils. 
Discriminant function analyses for each season using the ant treatments (nest vs. 
surrounding) as grouping variable and showing canonical values. N=nest, S=surrounding, 
numbers=plot.
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Table 4. Squared mahalanobis distance between group centroids and reliability of 
discrimination based on data on fungal dominance structure. 
 

  Dec-May   May-Oct  

 Mahalanob
isdistance 

p-value Mahalanobis 
distance 

p-value 

nest 9.72 0.0202 19.39 0.0011 
surrounding 3.51 0.2631 6.31 0.0762 
 
 
Besides the different occurrences of rare species, two dominant fungal taxa were 

also responsible for community changes throughout the year and for differences 

between nests and surrounding soil. The most frequent taxon was Penicillium with 77 

isolates (38% of sporulating fungal individuals). The occurrences of the Penicillium 

species differed between ant nests; it was highest in the material from plot 4. In this 

nest and the respective control soil, no Penicillium was isolated in December, but 

their presence increased in the warmer months, especially in the control soil. 

Acremonium with 29 isolates (14% of fertile fungal indiviuals) was also occurred 

frequently. The distribution of Acremonium species between nest and control soil was 

similar in May and October (May, ant nest 5.5%, control soil 6.6% of sporulating 

fungal individuals; October, ant nest 9.5%, control soil 8.1%). In contrast, in 

December the frequency of Acremonium species in ant nests was lower than in 

surrounding soil (ant nest 2.4%, control soil 9.5%). 

 
Discussion 

Soil parameters  

Ants can directly and indirectly influence mineralisation processes, because they do 

not only create patches with high soil fertility, but they also change the conditions 

within the nest by altering temperature and humidity (Blomqvist et al., 2000; Dauber 

et al., 2008). Organic substances and products of their decomposition, such as 

ammonia, nitrate and phosphate, often are enriched in ant nests in comparison to the 

surrounding soil (Czerwinski et al., 1971; Wagner et al., 1997; Nkem et al., 2000; 

Platner et al., 2001). Wagner et al. (1997), for example, found a significantly higher 

N-mineralisation rate in nests of Formica perpilosa in comparison to the surrounding 

soil. Stadler et al. (2006) reported that inorganic nitrogen concentration in litter 

increased significantly when ants were present. This is in correspondence with our 

findings of higher NO3-N and PO4-P concentrations in ant nests, which can be 

explained by the accumulation and subsequent decay of food resources in the nests 
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(Frouz et al., 1997). However, the increase in nutrients varied with season and also 

microbial biomass was not uniformly increased in ant nests compared to surrounding 

soil because changes in soil water content had a strong impact on the microbial 

community. The utilisation of organic matter by soil microorganisms is known to 

strongly depend on soil water content, as microbial activity in bound to the availability 

of water (Frouz, 2000); this is also reflected by the positive correlation between basal 

respiration and soil moisture in December and February.  

In our study, soil moisture was often lower in ant nests than surrounding soil, but 

due to strong differences between the nests, these findings were not significant. 

Investigating ant species and abundance in the different nests (E. Schumacher, 

unpubl. data) revealed that plot 1 and 2 were inhabited each by a large colony of 

Lasius flavus while plot 3 was inhabited by L. niger and in plot 4 the L. flavus colony 

was old and showed little activity. Active L. flavus colonies seem to influence nutrient 

contents and microbial communities in their nests differently than other Lasius 

species. In May, with soil moisture decreasing to 4%, concentrations of NO3-N and 

PO4-P, and basal respiration also declined in the active L. flavus nests. The 

decreased basal respiration due to low humidity may reduce mineralisation, which 

led to a lower production of NO3-N and PO4-P.  

Basal respiration in active L. flavus nests increased again with water availability in 

October which indicates, that in May the limiting factor for microbial activity in these 

nest mounds was the water content and not the nutritional status of the soils. This 

conclusion was supported by a strongly increased basal respiration when substrates 

of active L. flavus nests were adjusted to a soil moisture of 40%. Also Jones and 

Murphy (2007) found rapid stimulation of microbial activity in response to water 

addition, and Holec and Frouz (2006) hypothesized that soil moisture is an important 

factor limiting soil processes inside ant nests. This corresponds to results of our 

study and the study of Grayston et al. (2001) where basal respiration and microbial 

biomass were correlated with soil moisture content. In the surrounding soil, limitation 

by soil water content may be lower, because basal respiration in these soils was not 

affected by rewetting. Presumably, basal respiration was limited by nutrients, 

because on average we found lower nutrient concentrations in surrounding soil and 

no increase if water was added.  

The increase in basal respiration after rewetting was much higher in active L. 

flavus nests compared to L. niger nests where rewetting had only little effect. In the 
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latter, field moisture in May was as low as 12%, which still allowed microbial 

respiration and active mineralisation, while respiration in active L. flavus nests was 

negligible. This indicates that there is a critical soil moisture content in soil below 

which microbial respiration is reduced dramatically and mineralisation processes 

come to halt. However, only one of the nests was inhabited by L. niger and more 

investigations are needed to support this indication. 

In conclusion, under high soil moisture conditions ants create an environment 

more favourable for mineralisation than the surrounding soil, because readily 

decomposable residues in ant nests are available and can be used if water is 

present. Variations in nutrient concentrations during the year were stronger in ant 

nests than in the surrounding soil, but the influence of ants on soil parameters 

depended on species and colony age. Pêtal and Kusinska (1994) already observed, 

that microbial community composition and the accompanying decomposition 

processes depend on the biology of the ant species. Additionally, seasonal effects 

have to be considered when evaluating differences in soil parameters of ant nests; in 

dry seasons the pattern for environmental factors in nests and control soils can be 

reversed.  

 

Fungal abundance and diversity  

Many fungal species were found only once. Hence the species composition of fungal 

communities changed markedly between the different months, especially in ant 

nests. For example, out of 35 species isolated in December only 5 species had an 

abundance >1 and only one species was isolated a second time in another month. 

Most species and sporulating individuals were isolated in May when water 

content was low and the lowest number of species was recorded in December when 

water content was high. In moist soils, microhabitats have contact by the formation of 

water bridges between soil particles and aggregates. Bacteria are dependent on 

these water films to reach new resources. Drainage maintains spatial isolation 

among the various habitats (Nannipieri et al., 2003). Fungi act on a larger habitat 

scale and are able to relocate nutrients and water within their growing hyphae. Fungi 

better sustain conditions of low soil water content than bacteria. The relative 

frequency of fungal isolates is known to increase with increasing dehydration of soils, 

whereas at high soil moisture conditions bacteria prevail (Scheffer and 

Schachtschabel, 2002; Gordon et al., 2008). A similar negative correlation between 
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soil water content and fungal abundance was observed in our study. The high soil 

moisture in December resulted in high microbial biomass (especially in L. niger nest), 

but fungal abundance in nests was lowest in this month, indicating that variations in 

total microbial biomass do not reflect variations in fungal abundance (Grayston et al., 

2001). As a consequence, the high microbial biomass in December was 

predominantly caused by high bacterial numbers or by fungi we were unable to 

culture. It is well documented that bacteria have a higher metabolic activity than fungi 

(Anderson and Domsch, 1975) which can explain the higher NO3-N and PO4-P 

amounts in this month.  

The composition of fungal communities was also significantly affected by the 

factor “time”. The fact that few fungi that were isolated repeatedly suggest high 

seasonal turnover of fungal communities. However, when nest mounds and 

surrounding soils were tested separately for the factor 'time', only in ant nests fungal 

communities changed significantly between December and May and between May 

and October. In ant nest habitat conditions including nutrient concentrations, 

temperature and humidity are varying widely in time and space (Frouz, 2003; Platner, 

2006; S. Schuch, pers. communication). In our study, nutrient concentrations in nest 

soil also varied stronger as in surrounding soil. Thus, ants form heterogeneous 

habitats for microorganisms, possibly resulting in higher fungal diversity and changes 

in fungal associations. Bailey (1920) found numerous fungal spores or fragments of 

hyphae in infrabuccal pellets of most studied ant species. And McIlveen and Cole 

(1976) described high concentrations of spores of Endogonaceae in casts of ants. 

Moreover, ants are mixing soil for nest construction and consequently mix soil 

particles inhabited by different microorganisms thereby potentially increasing 

microbial diversity. Especially fungal species which produce large numbers of dry 

(e.g. Penicillium) or sticky (e.g. Acremonium) spores may be spread widely. Both, 

Penicillium and Acremonium, were the most abundant taxa in ant nests of our 

investigation.  
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Conclusion  

Ants as ecosystem engineers have a strong impact on nutrient concentrations and 

fungal diversity in soil, but the effects vary with season and depend on soil water 

content. However, ant nests appear not to be colonized by specific fungal species, 

rather, opportunistic fungi living on honeydew or dead ant bodies, or species brought 

into the nest accidentally are thriving. Intensive grooming combined with potent 

antibiotic secretions from the metapleural gland and other exocrine organs are used 

by ants as defence against fungi (Hölldobler and Wilson, 1990). These universal and 

phylogenetically old characters of ants are assumed to be important adaptations to 

living in large numbers in warm subterranean galleries, an ideal habitat for fungi.  
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Appendix 
 
Appendix A Soil- and microbial parameters in the different sampling months, calculated as a mean (± SD) of four different nests and the four 
respective surrounding soils. 

 NO3-N 
(µg g-1 dry wt) 

PO4-P 
(µg g-1 dry wt) 

Water content 
(%) 

Basal respiration 
(µg O2 g

-1 dry wt h-1) 
Microbial biomass 
(µg Cmic g-1 dry wt ) 

nests Dec. 22.02(±16.45) 53.17(±26.97) 31.59(±3.04) 5.30(±2.15) 937.40(±304.43) 
nests Feb. 12.97(±8.54) 61.36(±36.55) 35.67(±6.22) 6.92(±2.29) 1036.01(±298.34) 
nests May 6.19(±9.46) 23.12(±25.56) 11.33(±9.74) 1.33(±1.59) 785.61(±236.90) 
nests Oct. 10.45(±10.83) 24.36(±22.04) 21.17(±6.87) 3.32(±1.12) 900.60(±292.44) 

controls Dec. 5.74(±5.40) 10.64(±4.90) 32.24(±3.41) 4.31(±1.70) 692.88(±228.74) 
controls Feb. 2.74(±2.15) 16.36(±9.97) 39.14(±3.49) 6.33(±0.91) 884.59(±144.48) 
controls May 2.50(±1.91) 12.36(±10.09) 15.53(±6.02) 3.70(±0.78) 954.87(±210.78) 

controls Oct. 0(±0) 12.92(14.50) 26.75(±4.93) 3.64(±0.41) 849.54(±38.89) 

 
Appendix B Soil- and microbial parameters in the four different nest and surrounding soils, calculated as a mean (± SD) of all tested month. 

Plot Ant activity NO3-N 
(µg g-1 dry wt) 

PO4-P 
(µg g-1 dry wt) 

Water content 
(%) 

Basal respiration  
(µg O2 g

-1 dry wt h-1) 
Microbial biomass  
(µg Cmic g-1 dry wt ) 

1 active L. flavus 12.77(±11.51) 23.25(±9.40) 22.88(±12.71) 3.83(±2.57) 780.92(±117.80) 

2 active L. flavus 18.46(±15.39) 73.20(±26.06) 25.88(±16.18) 3.49(±2.72) 1123.95(±120.34) 

3 L. niger nest 14.96(±10.47) 62.38(±29.01) 25.66(±12.49) 6.20(±3.67) 1095.53(±342.85) 

4 low-active L. flavus 3.68(±3.21) 25.06(±25.31) 25.34(±9.03) 3.35(±1.58) 659.21(±85.67) 

1 control active L. flavus 3.96(±6.14) 2.94(±1.65) 28.07(±8.72) 4.78(±1.28) 796.28(±139.54) 

2 control active L. flavus 2.87(±2.07) 19.75(±4.08) 30.01(±9.77) 4.09(±1.85) 865.55(±185.16) 

3 control L. niger nest 2.22(±2.83) 21.25(±8.30) 31.54(±10.09) 4.64(±1.69) 956.62(±189.93) 

4 
control low-active L. 
flavus 

1.93(±2.50) 8.33(±7.38) 24.03(±12.92) 4.48(±1.59) 763.44(±221.74) 



Chapter 5 

100 

 

Chapter 5 

 

 

The impact of Lasius ants on soil properties and 

functional diversity of soil microbes 

 

 

 

 

 

 

 

 

 

 

 

Evelyn Schumacher, Sonja Migge-Kleian and Christian Platner 

 

 

 

 

 

 

 

 

 

 

 

This paper will be submitted to ;Applied Soil Biology’ 

 



Chapter 5 

101 

Abstract 

Functional diversity of soil microorganisms as well as soil properties (contents of 

NO3, PO4 and elements) were studied in four ant nest mounds and surrounding soil 

from a dry, calcareous grassland habitat. Functional diversity was quantified by in 

situ respiration response to an array of 13 substrates that were added as C-source 

alone, or in combination with nitrogen (CN) or nitrogen and phosphorus (CNP). 

Active and potential catabolic profiles were analysed with multivariate statistics. A 

characteristic feature of the nest sites were increased concentrations of NO3-N, PO4-

P, and potassium with the latter two nutrients being highly correlated with a high 

utilization of melecitose and mannose, as well as ascorbic, formic and glutaric acid. 

This indicates that the nutrient and element contents of soils are major structuring 

forces for the microbial community. Despite higher nutrient contents in nests, 

nutrients limited microbial growth in nests as well as in surrounding soil. Actual 

catabolic profiles measured as initial response to the 13 substrates, mainly separated 

nest from surrounding soil by different utilization of carboxylic acids. The respiratory 

response to formic and ascorbic acid was always higher in ant nests than in 

surrounding soil, whereas glutaric acid was metabolized faster in surrounding soil.  

Overall, ants fundamentally alter soil conditions and microbial community 

functioning. The in situ respiratory response is a promising tool to study effects of soil 

engineering organisms such as ants on microbial community functioning. 

Presumably, ants as widespread and dominant keystone taxa act as driving factor for 

nutrient mineralisation and change the diversity of soil microbial communities.  

 

Keywords 

Formicidae; Ant mounds; ecosystem engineers; microbial activity; physiological 

profile; substrate-induced respiration 
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Introduction 

Ants are dominant soil animals in most terrestrial ecosystems and directly and 

indirectly affect plant and animal populations (Hölldobler and Wilson, 1990). A 

number of studies focused on the effects of ants on the aboveground food web, 

including interactions between ants and both their prey and their mutualistic partners 

(Lenoir et al., 2003; Stadler and Dixon, 2005). Ants also act as ecosystem engineers 

(Jones, 1994) influencing physical and chemical properties of soils by nest 

construction, and foraging and consumption of food (Pêtal, 1978; Lobry de Bruyn and 

Conacher, 1990 and 1994; Nkem et al., 2000; Frouz et al., 2003).  

Microorganisms in soil are controlled by energy and nutrient availability and by 

environmental forces. Thus, nutrient accumulation and changes in microhabitats due 

to ant activity can influence soil microorganisms and alter decomposition rates and 

soil fertility affecting plant productivity (Dauber and Wolters, 2000; Holec and Frouz, 

2006). Lack of degradable C sources can limit N mineralisation and therefore plant 

growth (Magill and Aber, 2000). The accumulation of ammonium, nitrate and 

phosphate in ant nests is well documented (Czerwinski et al., 1971; Wagner et al., 

1997; Nkem et al., 2000; Platner et al., 2001). This concentration of nutrients may 

induce higher microbial turnover resulting in higher decomposition rates. The rate of 

decomposition is also dependent on the diversity of the decomposer community 

(Setälä and McLean, 2004; Tiunov and Scheu, 2005). Thus, ants indirectly influence 

organic matter decomposition by stimulating or inhibiting different physiological 

groups of microorganisms (Jakubczyk et al., 1972). Differences in feeding patterns of 

ant species can also influence microbial physiological profiles. 

Changes in microbial community composition can influence higher trophic levels 

because microbes represent the base of the belowground food web (Pokarzhevskii et 

al., 2003). Thus, knowledge on community composition of microorganisms and their 

range of substrate utilization is important for understanding key ecological processes.  

Lasius ants distinctly enhanced microfungal diversity (Schumacher et al., 

unpublished). To obtain more insights in the soil microbial functioning, we analysed 

the functional diversity of soil microbes from the same site by measuring the actual 

and potential catabolic response of the microbial community to the addition of 

different substrates in ant nest mounds in comparison to the surrounding soil. More 

specifically, we studied (1) whether Lasius ants affect soil chemical properties, and 
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(2) whether altered soil and nutritional conditions in ant nest mounds affect microbial 

community functioning.  

 

 

Material and Methods 

Sampling and chemical analysis 

Samples from Lasius ant nests and surrounding soil were taken from a dry 

calcareous grassland located on the south-west facing slope of the Werra valley 

(Witzenhausen Freudenthal, Northern Hesse, Germany) at 180 m a.s.l. The diverse 

herb layer was dominated by Brachypodium pinnatum L. and the soil is a shallow 

Pararendzina (Leptosol) on Triassic limestone. The area is characterized by mild 

winters and humid summers (average annual precipitation 700 mm, mean annual 

temperature 9°C).  

In winter 2005, we established four plots (similar looking nest sites, see also 

Schumacher et al., unpublished) to compare ant nest mound material with 

surrounding soil. From the middle of nest mounds soil samples were taken to a depth 

of 10 cm. Respective control soil samples were taken at a distance of 1 m from each 

nest. Each sample was sieved (4 mm) at the time of collection and stored at field 

moisture at 5°C. 

In ant mound and control samples, we analysed soil water content 

(gravimetrically), nitrate (KAl(SO4)2 extraction, measured by steam destillation), 

phosphate (NaHCO3 extraction, measured photometrically by the ammonium 

molybdate complex method) and total elements (Na, K, Mg, S, Fe, Al, P; ICP-AES 

after pressure digestion, Department of Soil Science of Temperate and Boreal 

Ecosystems, Göttingen, Germany). In each of the samples microbial respiration was 

analysed after substrate addition (Anderson and Domsch, 1978) measuring oxygen 

consumption in an O2-microcompensation apparatus (Scheu et al., 1992).  

Additionally, physiological profiles of microbial communities after separate 

addition of 13 different substrates were measured. We used the following substances 

of five chemical groups: carbohydrates (D(+)-glucose, D(+)-mannose and D(+)-

melecitose-monohydrate), carboxylic acids (glutaric, fumaric, ascorbic, formic, 

phenylacetic and oxalic-dihydrate acid), polymers (α-cyclodextrine and chitin), amino 

acids (L-tyrosine) and amines (D(-)-N-methylglucamine). Ten of these substrates 

were chosen because they gave most variable and distinct responses across five 

different soils in the study by Degens and Harris (1997). Furthermore, three ant-
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related substances were tested: melecitose as one of the dominant sugars in 

honeydew produced by aphids (Fischer et al., 2005) and used by ants as an energy 

resource, and phenylic and formic acid as gland secretions by ants with possibe 

antibiotic activity (Hölldobler and Wilson, 1990). Substrates were added equivalent to 

3.2 mg C g-1 soil dry weight and were added to samples without additional nutrients, 

and in combination with nitrogen (ammonium sulphate) and nitrogen and phosphorus 

(di-potassium hydrogen phosphate) as mass ratio of 10:2:1 (Anderson and Domsch, 

1980). The respiratory response of microbial communities was measured for 48 h at 

22°C. Different microbial parameters were distinguished: basal respiration (BAS, 

measured as a control without substrate addition at field moisture), maximum initial 

respiratory response (MIRR, reflecting the actual catabolic activity; Scheu et al., 

2002), microbial growth rate (slope) and the integral of the respiration curves 

(reflecting the potential catabolic activity; Scheu et al., 2002) Values for MIRR and 

integral were calculated as the difference between samples with substrate addition 

and controls without substrate addition (BAS). Integral and slope gave similar results, 

therefore only results of integral were presented in the results. Details for slope were 

shown in the Appendix. 

 

Statistical analyses 

Data for soil parameters were pooled from December 2005 and February 2006 

samples and analysed by two-factor analysis of variances (SAS 8.1; SAS Institute 

Inc., Cary, NC), and means of different treatments were tested for significant 

differences by Tukey’s honestly significant difference test (Sokal and Rohlf, 2001). 

The MIRR and the slope and integral of the respiratory response were analysed by a 

repeated measures ANOVA with ‘ants’ and ‘plot’ as factors for between subject effect 

and nutrient addition treatment (C, CN, CNP) as the repeated factor (explaining the 

effect of N or P). Data were log-transformed to improve homogeneity of variance if 

necessary. Means of different treatments were tested for significant differences using 

Tukey’s honestly significant difference test. 

Actual and potential catabolic profiles in response to 13 substrates were analysed 

by discriminant function analyses (DFA) using the factor ‘ants’ as a grouping variable 

(two groups each: nest mounds and surrounding soil) in independent analyses for 

each nutrient treatment (C, CN, CNP; Appendix B and C). For each of the nine 

independent analyses (MIRR, slope, and integral, each with three nutrient 
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treatments) a multidimensional scaling (MDS) of the distance matrix based on a 

nonparametric Gamma correlation was done to asses a reduced set of meaningful 

dimensions. In a further DFA of the combined dataset of the three nutrient treatments 

of each sample (handled as a total of 24 samples) the catabolic parameters 

‘initial’and ‘integral’ could be used without prior transformation by MDS, because in 

this case the number of samples exceeded the number of substrates. To compare 

the effect of ants with plot (nest age, ant species) and nutrient addition we did four 

additional DFAs for the combined dataset with ‘plot’ (4 groups), ‘nutrients’ (3 groups: 

C, CN and CNP), the combination of ‘plot’ with ‘ants’ (8 groups) and ‘nutrients’ with 

‘ants’ (6 groups) as grouping variables (Table 1).  

In order to depict similarities in the microbial response among the 13 substrates 

and between them and the factors ‘ants’ (nest and surrounding) and ‘plot’, respiration 

data of the ant mound and soil samples were analysed by principal components 

analysis (PCA) and redundancy analysis (RDA) using CANOCO for Windows 4.5 

(Ter Braak, 1988). For these analyses only C treatments were used. After excluding 

soil parameters highly correlated with each other (PO4 positively with NO3; Fe 

positively with Al and Mn and negatively with Na, Mg, Ca, S and pH) by using the 

variance inflation factors (to reach values below 20) and forward selection, a reduced 

set of parameters was used as explanatory (environmental) variables in the RDA, 

while ‘ant nest’ and ‘surrounding soil’ were included in the analyses as passive 

variables, i.e. without affecting the ordination. 

 
 
Results 

Soil and microbial parameters 

NO3-N and PO4-P concentrations were significantly higher in ant nests than in the 

surrounding soil (F=13.13, p=0.0040, Figure 1a and F=52.58, p=<0.0001, Figure 1b, 

respectively). Both concentrations differed between the tested plots (F=3.30, 

p=0.0617, Figure 1a and F=7.34, p=0.0057, Figure 1b, respectively). 

The K content in soil samples was significantly higher in ant nests (8.05 mg g-1 

soil dry wt) than in respective surroundings (7.29 mg g-1 soil dry wt; ANOVA F=12.63, 

p=0.038). The other elements did not differ significantly between nests and 

surroundings. 
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Figure 1. Amounts of a) NO3-N and b) PO4-P in four different ant nests (black bars) and 
respective surrounding soils (white bars). Dw=dry weight. 
 
 
Physiological profiles 

Physiological profiles were obtained from nest mound material and respective 

surrounding soil. For the three microbial parameters the ant effect differed. The 

actual catabolic activity (MIRR) of nest materials and surrounding soils was well 

separated in a discriminant function analysis (DFA) using a combined dataset of the 

three nutrient addition treatments (factor ‘ants’ in Table 1).  

 

Table 1. Response of the microbial community to separate addition of 13 different substrates 
in nests in comparison to the surrounding soils. Discriminant function analyses for two 
respiratory response parameters (substrate initial response and integral of respiratory 
response) separately using the factors ants (v=2 treatments), plot (v=4), nutrients (v=3), and 
the combinations of ant-treatments with plot- (ants | plot, v=8) and nutrient- treatments (ants | 
nutr, v=6) as grouping variables (for each analysis a combined dataset of three nutrient 
addition treatments for the 4 ant nest and respective control samples was used; n=24). 
 
 ants plot nutrients ants | plot ants | nutr 
Initial (MIRR)      

Wilks’ Lambda 0.169 0.060 0.001 <0.001 <0.001 
p-value 0.021 0.515 <0.001 0.023 <0.001 

Integral      

Wilks’ Lambda 0.331 0.161 <0.001 <0.001 <0.001 
p-value 0.245 0.049 <0.001 0.360 <0.001 
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With the combination of the factors ‘ants’ and ‘nutrients’ as grouping variables the 

initial response also separated the three nutrient treatments with the separation being 

significant (Figure 2). Within the nutrient treatments nests and surrounding soil were 

divided by the first root, indicating a higher nutrient status in nests.  

Figure 2. Response of the microbial community to separate supplement of 13 different 
substrates in nests (solid circles) in comparison to the surrounding soils (open circles). 
Discriminant function analysis for initial respiratory response using a combination of the 
factors “ants” and “nutrients” (ants | nutr) as grouping variables (a combined dataset of three 
nutrient addition treatments for the 4 ant nest and respective control samples was used; 
n=24). 
 

However, in the independent analyses of the three nutrition-treatments, a 

separation between nest and soil materials was only marginal significant for the 

integral when CNP was added (Appendix B and C). Repeated measurement analysis 

of variance showed distinctions between nests and surroundings especially when 

carboxylic acids were added (rmANOVA, ascorbic acid, glutaric acid and formic acid, 

Appendix A), but with different patterns of utilization. Mean respiration response to 

formic and ascorbic acid was always higher in ant nests than in surrounding soils, 

whereas it was lower when glutaric acid was added. However, this effect was 
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dependent on nutrient supply (significant interaction between ‘ant’ and ‘nutrient’ 

effect, Appendix A).  

Similar to the initial response, nutrient addition treatments were significantly 

separated by the first root in DFA for the integral of respiration curve when a 

combined dataset was used (Table 1, graphics not shown). We found single 

substances of different substrate groups that separated nest and surrounding soils. 

The integral of the respiration response was significantly higher in nests in case of 

mannose, melecitose, ascorbic acid, and tyrosine for all nutrient treatments. The 

differences between nests and controls in the case of cyclodextrine and chitin were 

dependent on nutrient availability (see Appendix A).  

 

Correlation of element contents with microbial community functioning 

Complex relationships between nest and control in situ respiration profiles and 

properties of respective materials were studied using multivariate ordination methods 

(PCA and RDA). PCA of actual and potential in situ respiration profiles clearly 

separated the studied samples. The first axis had high eigenvalues (> 0.5, Table 2) 

and together with the second axis represented 80.9% and 78.4% of the variation in 

substrate initial response and integral of respiratory response, respectively. We 

included chemical conditions of surrounding soil as predictor variables for the 

respiratory response using the direct gradient analysis (RDA), which resulted in an 

only slight decline of variance represented by the first and second axis (66.9 and 

75.7% of variation explained by both axes for initial and integral, respectively) 

compared to the PCA (Eigenvalues see table 2). K, Fe, and PO4 contents contributed 

 

Table 2 Eigenvalues from principal component analysis (PCA) and redundancy analysis 
(RDA) of actual and potential in situ respiration profiles (substrate initial response and 
integral of respiratory response) with soil nutrient contents as environmental variables. Each 
PCA and RDA was done for C treatments with the complete set of 13 supplementary 
substrates. P-values from a Monte Carlo test of significance of all canonical axes (§) and the 
first axis. 
 
  PCA RDA P 

Initial (MIRR)    0.016§ 
Axis 1 0.690 0.597 0.001 
Axis 2 0.119 0.072  

Integral    0.107§ 
Axis 1 0.579 0.579 0.036 
Axis 2 0.205 0.178  
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significantly to the explanation of initial response (Figure 3), while Na, K, Mg, Fe, and 

PO4 contents to those of integral of respiratory response.  

 

 

Figure 3. Substrate initial respiration response for 13 different substrates (small arrows, 
italic) as explained by soil chemical parameters (large arrows) of nests (solid symbols) and 
surrounding soil (open symbols) using RDA of the C treatments. Asc=ascorbic acid, 
Chit=chitin, Cyc=cyclodextrine, Form=formic acid, Fum=fumaric acid, Glc=glucose, 
Glu=glutaric acid, Man=mannose, Mel=melecitose, Meth=methylglucamine, Oxs=oxalic acid, 
Phe=phenylic acid, Tyr=tyrosine. N=nest, S=surrounding, numbers=plots. 
 
 

Initial respiration separated best between ant nest and surrounding soil. High 

substrate utilization of melecitose, mannose, glucose, methylglucamine, ascorbic 

acid, and formic acid by microorganisms was closely correlated with higher PO4-P 

and K contents in nests (Figure 3). On the other hand, microorganisms in 

surrounding soil had a high initial respiration when chitin and glutaric and fumaric 

acid were added and PO4-P and K contents were low. 
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Discussion 

The nutrient and element contents of soils are major structuring forces for the 

microbial community, as the multivariate ordination methods (PCA and RDA) 

demonstrated in the present study. A characteristic feature of the studied nest sites 

were the considerably increased amounts of PO4-P and NO3-N in ant nests. High 

mineralization rates in ant nests have been reported previously from nests of Formica 

(Wagner et al., 1997; Domisch et al., 2008), Myrmica (Pêtal, 1998) and Iridomyrmex 

greensladei (Nkem et al., 2000). High nutrient contents in soil can lead to higher 

fungal diversity and changes in fungal associations in ant nests. However, in the ant 

nests investigated in this study fungal abundance has been shown to be low in 

December as reported in Schumacher et al. (unpublished), indicating that microbial 

respiration measured in the present study was predominantly due to bacteria. 

The DFA of the initial respiratory response to the 13 substrates and the factors 

‘ants’ and ‘nutrients’ as grouping variables separated three nutrient addition 

treatments (C, CN and CNP) along the first axis. This indicates nutrient limitation of 

the microbial community with nitrogen being the most important limiting mineral 

element. Soils are dynamic systems and soil nutrient content varies in space and 

time. Thus, different nutrient limitations in habitats can mask ant effects, especially 

when different locations or seasonal changes are compared (Frouz et al., 2003; 

Platner, 2006). However, within these treatments nests and surroundings were also 

separated along the first axis, indicating that despite differences in nutrient contents 

between nest mounds and surroundings nutrient limitation played a role even in ant 

nests. This was also shown in the combined analysis (DFA with factor ‘ants’) where 

ants significantly affected microbial initial respiratory response to the 13 substrates.  

Utilization of carboxylic acids was dependent on nutrient supply. These findings 

indicate that the initial response better reflects the ant effect when different nutrient 

combinations were used. It has been assumed that the most common limiting factor 

for microbial growth in soils is the lack of carbon, but the utilization of different C 

resources depends on the availability of other nutrients (Scheu and Schaefer, 1998). 

The independent analysis of initial respiration did not reveal a general ant effect, 

but canonical values show a good separation of nest 1 and 2 and respective 

surroundings when CNP was added. These nests were visited in summer and 

showed a high activity of ant workers. By contrast, in nest 4 only low activity was 

observed which was shown in the low degree of separation. Scheu et al. (2002) 
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reported that the initial in situ catabolic activity may be a more sensitive parameter 

than microbial growth activity (integral) to study the physiological status of soil 

microbial communities. This can be supported by our findings of activity-based 

differences that were reflected in the degree of separation in the initial respiration. 

In the ordination diagram of the initial respiratory response, the three carboxylic 

acids separated ant nests from surrounding soil. Also, Degens and Harris (1997) 

reported that carboxylic acids are most powerful separating different soils. 

Additionally, in our study also three different sugars were better utilized in nest 

material as compared to the surrounding soil. These sugars and formic and ascorbic 

acid were closely correlated with PO4 and K content, which supports the conclusion 

that addition of different nutrients improve the ability to detect differences in microbial 

communities functioning.  

Of the ant-related substances, melecitose was the only C source that significantly 

separated nest from surrounding soil in the rmANOVA: the integral of the respiration 

curve was always higher in ant nests. An expected antibiotic character of phenylic 

and formic acid could not be confirmed.  

 

Conclusions 

Ants as ecosystem engineers had a strong impact on soil nutrient concentrations and 

functional diversity of soil microbes, but this effect depended on the availability of N 

and P. 

Initial respiration gave the best separation of nest treatments, especially when 

different nutrient combinations (C/CN/CNP) were used. The degree of separation 

was dependent on ant activity, and was predominantly caused by differences in the 

utilization of carboxylic acids.  

The use of physiological profiles is a promising tool to study differences in the 

functional diversity of soil microbes, but to understand key ecological processes, the 

knowledge about the groups of microorganisms leading to functional changes is 

important. To obtain information on microbial community composition in soils, genetic 

approaches can be appropriate. The DGGE method could be used for profiling fungal 

and bacterial communities in soils, because a rapid screening of many samples is 

possible (Heuer and Smalla, 1997). Certainly, this method does not allow to 

distinguish between active and inactive stages of microorganisms, thus it should be 

combined with a simultaneous analysis of physiological profiles. 
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Appendix A Mean (SD) of the MIRR (µg O2 g
-1 soil dry wt h-1) and the slope (of log-transformed data from initiation to maximum) and integral (µg 

O2 g
-1 soil dry wt h-1) of the respiratory response to 13 different substrates were analysed by a repeated measures ANOVA with 'ants' and 'plot' as 

factors for between subject effect and nutrient addition treatment (C, CN, CNP) as the repeated factor (explaining the effect of N or P). 
§=Significant ant effect (Tukey tests), surr=surrounding. 
 
 nests 

C 
surr 
C 

nests 
CN 

surr 
CN 

nests 
CNP 

surr 
CNP 

ant effect nutrients nutrients* 
ants 

nutrients * 
plot 

carboxylic acids               
formic acid       F p F p F p F p 

Initial (MIRR) 9.31 
(1.54)§ 

6.57 
(1.71)§ 

8.30 
(3.76) 

5.41 
(1.04) 

5.01 
(2.98) 

2.14 
(1.45) 

6.07 0.0906 12.85 0.0068 0.00 0.9957 1.00 0.5022 

Slope 0.007 
(0.017) 

0.001 
(0.013) 

0.653 
(0.583) 

0.415 
(0.220) 

0.038 
(0.011)§ 

0.061 
(0.015)§ 

1.04 0.3824 23.77 0.0014 1.41 0.3154 3.22 0.0901 

Integral 837 
(284) 

501 
(285) 

643 
(310) 

429 
(126) 

555 
(151) 

508 
(192) 

3.10 0.1764 1.76 0.2508 1.52 0.2914 0.93 0.5346 

phenylacetic 
acid 

              

Initial (MIRR) 4.94 
(0.96) 

6.35 
(1.24) 

8.80 
(2.93) 

8.16 
(1.76) 

1.75 
(3.26) 

-0.29 
(1.06) 

0.28 0.6343 25.52 0.0012 1.25 0.3527 0.32 0.9023 

Slope 0.037 
(0.007)§ 

0.020 
(0.002)§ 

0.074 
(0.011) 

0.072 
(0.026) 

0.077 
(0.009) 

0.090 
(0.014) 

0.07 0.8142 39.47 0.0004 2.56 0.1570 0.63 0.7064 

Integral 604 
(250) 

426 (86) 1641 
(93) 

1371 
(444) 

1079 
(550) 

1366 
(540) 

0.07 0.8123 17.29 0.0032 1.48 0.2998 0.69 0.6671 

ascorbic acid               

Initial (MIRR) 26.75 
(4.08) 

22.41 
(2.73) 

35.22 
(3.57) 

34.10 
(2.41) 

34.31 
(6.60) 

27.91 
(1.61) 

58.72 0.0046 8.38 0.0183 0.57 0.5953 0.29 0.9231 

Slope -0.022 
(0.005) 

-0.022 
(0.003) 

0.016 
(0.012) 

0.013 
(0.021) 

0.016 
(0.006) 

0.022 
(0.005) 

0.07 0.8035 91.97 <0.0001 0.80 0.4933 3.70 0.0682 

Integral 1209 
(113)§ 

1040 
(99)§ 

2196 
(119) 

1911 
(503) 

2614 
(115) 

2526 
(96) 

11.90 0.0410 116.62 <0.0001 0.53 0.6140 1.29 0.3839 
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Continuation of Appendix A 
 

 
 nests 

C 
surr 
C 

nests 
CN 

surr 
CN 

nests 
CNP 

surr 
CNP 

ant effect nutrients nutrients * 
ants 

nutrients * 
plot 

carboxylic acids               
glutaric acid               
Initial (MIRR) 2.04 

(0.33) 
3.92 
(1.17) 

2.65 
(1.24)§ 

5.77 
(2.03)§ 

-0.14 
(1.31) 

-0.12 
(1.39) 

7.32 0.0735 66.12 <0.0001 8.07 0.0199 2.05 0.2026 

Slope 0.042 
(0.011) 

0.034 
(0.018) 

0.094 
(0.012) 

0.077 
(0.027) 

0.071 
(0.015) 

0.075 
(0.008) 

0.57 0.5067 28.25 0.0009 1.31 0.3362 1.45 0.3311 

Integral 508 
(219) 

332 
(133) 

2984 
(884) 

2559 
(1402) 

864 
(534) 

961 
(669) 

0.30 0.6226 103.74 <0.0001 1.15 0.3769 6.07 0.0227 

fumaric acid               
Initial (MIRR) 5.05 

(2.57) 
5.66 
(1.89) 

11.83 
(7.05) 

10.66 
(6.77) 

25.30 
(6.16) 

20.03 
(3.38) 

1.52 0.3049 97.04 <0.0001 2.85 0.1351 8.46 0.0100 

Slope 0.008 
(0.009) 

-0.001 
(0.007) 

0.005 
(0.036) 

0.020 
(0.026) 

0.080 
(0.037) 

0.113 
(0.023) 

2.00 0.2521 38.72 0.0004 1.64 0.2705 1.17 0.4257 

Integral 585 (40) 455 
(151) 

432 
(459) 

347 
(388) 

1101 
(731) 

1117 
(732) 

0.16 0.7127 5.34 0.0465 0.05 0.9510 1.00 0.4992 

oxalic acid               
Initial (MIRR) 2.89 

(1.36) 
2.69 
(1.63) 

3.46 
(1.54) 

4.51 
(1.98) 

2.00 
(0.97) 

1.13 
(0.77) 

0.00 0.9778 12.33 0.0075 2.02 0.2132 2.75 0.1221 

Slope -0.012 
(0.013) 

-0.024 
(0.013) 

0.001 
(0.004) 

0.004 
(0.005) 

0.003 
(0.004) 

0.00004 
(0.004) 

1.42 0.3184 8.74 0.0167 0.99 0.4255 0.12 0.9896 

Integral 545 (91) 592 
(183) 

148 (72) 212 
(103) 

110 
(49)§ 

51 (36)§ 0.82 0.4324 156.19 <0.0001 2.63 0.1509 3.53 0.0752 

 



Chapter 5 

118 

 
Continuation of Appendix A 

 

 
 nests 

C 
surr 
C 

nests 
CN 

surr 
CN 

nests 
CNP 

surr 
CNP 

ant effect nutrients nutrients * 
ants 

nutrients * 
plot 

sugars               
glucose               
Initial (MIRR) 29.94 

(9.52) 
21.74 
(6.94) 

41.47 
(12.32) 

32.90 
(8.50) 

33.39 
(9.30) 

27.38 
(2.24) 

2.31 0.2255 12.87 0.0068 0.19 0.8322 1.59 0.2945 

Slope -0.010 
(0.027) 

0.015 
(0.016) 

0.063 
(0.013) 

0.044 
(0.041) 

0.132 
(0.013) 

0.143 
(0.013) 

0.40 0.5713 63.17 <0.0001 1.69 0.2620 1.20 0.4136 

Integral 1258 
(637) 

1121 
(189) 

1214 
(97) 

1087 
(311) 

3634 
(286) 

3591 
(132) 

0.35 0.5942 318.20 <0.0001 0.10 0.9021 2.71 0.1254 

mannose               
Initial (MIRR) 17.31 

(4.63) 
15.09 
(2.44) 

29.57 
(18.58) 

20.37 
(2.60) 

20.47 
(4.65) 

19.23 
(1.00) 

1.07 0.3777 4.54 0.0629 1.10 0.3910 1.74 0.2586 

Slope 0.022 
(0.005)§ 

0.001 
(0.005)§ 

0.058 
(0.034) 

0.048 
(0.028) 

0.102 
(0.010) 

0.103 
(0.004) 

1.49 0.3093 43.79 0.0003 0.60 0.5789 0.63 0.7086 

Integral 957 
(242) 

626 
(116) 

1399 
(199) 

1170 
(215) 

3825 
(284) 

3539 
(125) 

18.40 0.0233 838.42 <0.0001 0.23 0.7996 3.03 0.1014 

melecitose               
Initial (MIRR) 7.60 

(2.06) 
6.68 
(0.32) 

12.81 
(2.80) 

11.83 
(1.33) 

8.63 
(3.06) 

6.63 
(0.50) 

1.25 0.3454 51.63 0.0002 0.58 0.5899 2.53 0.1413 

Slope 0.055 
(0.022) 

0.029 
(0.013) 

0.115 
(0.002) 

0.075 
(0.037) 

0.149 
(0.025) 

0.137 
(0.006) 

9.40 0.0547 58.27 0.0001 1.18 0.3690 1.84 0.2393 

Integral 1507 
(284)§ 

836 
(338)§ 

3006 
(440) 

2094 
(1008) 

3371 
(335) 

3275 
(179) 

16.30 0.0273 81.21 <0.0001 3.00 0.1247 1.07 0.4682 
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Continuation of Appendix A 

 

 
 nests 

C 
surr 
C 

nests 
CN 

surr 
CN 

nests 
CNP 

surr 
CNP 

ant effect nutrients nutrients * 
ants 

nutrients * 
plot 

polymers               
chitin               

Initial (MIRR) -1.31 
(0.85) 

-0.47 
(1.41) 

2.26 
(1.70) 

3.23 
(1.25) 

0.38 
(1.29) 

0.12 
(0.66) 

2.49 0.2126 23.89 0.0014 0.77 0.5027 1.35 0.3633 

Slope 0.147 
(0.037) 

0.124 
(0.066) 

0.016 
(0.002) 

0.019 
(0.005) 

-0.0001 
(0.005) 

0.003 
(0.007) 

0.23 0.6659 63.92 <0.0001 0.68 0.5430 1.82 0.2427 

Integral 22 (32) 51 (83) 169 (96) 251 
(105) 

17 (59) -6 (24) 9.23 0.0560 30.44 0.0007 1.75 0.2524 1.86 0.2348 

cyclodextrine               
Initial (MIRR) 5.34 

(1.82) 
6.91 
(4.42) 

9.99 
(4.41) 

10.11 
(1.21) 

8.49 
(2.76) 

8.36 
(0.80) 

0.30 0.6246 3.94 0.0806 0.22 0.8121 0.41 0.8488 

Slope 0.025 
(0.017) 

0.016 
(0.023) 

0.073 
(0.010)§ 

0.043 
(0.023)§ 

0.076 
(0.007) 

0.076 
(0.006) 

2.20 0.2342 28.38 0.0009 2.04 0.2107 0.78 0.6170 

Integral 346 
(174) 

398 
(357) 

2137 
(681)§ 

1371 
(693)§ 

2327 
(278) 

2097 
(35) 

17.89 0.0242 99.59 <0.0001 4.68 0.0596 3.92 0.0603 

amino acid               

tyrosine               
Initial (MIRR) 14.75 

(2.73) 
14.61 
(1.50) 

6.40 
(2.19) 

8.00 
(2.30) 

14.87 
(4.52) 

14.85 
(1.22) 

0.14 0.7311 34.65 0.0005 0.43 0.6683 0.17 0.9745 

Slope 0.060 
(0.008) 

0.042 
(0.023) 

0.058 
(0.012) 

0.044 
(0.023) 

0.093 
(0.010) 

0.096 
(0.007) 

1.47 0.3120 28.89 0.0008 1.27 0.3470 0.48 0.8016 

Integral 2321 
(99) 

1886 
(736) 

1499 
(302)§ 

1037 
(440)§ 

4168 
(406) 

3941 
(237) 

9.40 0.0547 108.76 <0.0001 0.22 0.8103 0.96 0.5203 

 

 

 

 

 

 

 



Chapter 5 

120 

 
Continuation of Appendix A 

 

 

 
 nests 

C 
surr 
C 

nests 
CN 

surr 
CN 

nests 
CNP 

surr 
CNP 

ant effect nutrients nutrients * 
ants 

nutrients * 
plot 

amine               
methyl-
glucamine 

              

Initial (MIRR) 4.88 
(3.29) 

3.12 
(5.72) 

7.56 
(1.49)§ 

9.93 
(1.96)§ 

6.21 
(1.63) 

7.13 
(0.55) 

0.25 0.6540 7.60 0.0227 1.48 0.3009 1.13 0.4442 

Slope -0.005 
(0.006) 

-0.003 
(0.005) 

-0.014 
(0.001) 

-0.015 
(0.003) 

-0.011 
(0.006) 

-0.011 
(0.001) 

0.04 0.8628 22.18 0.0017 0.47 0.6458 3.54 0.0747 

Integral 191 
(114) 

129 
(244) 

205 
(36)§ 

279 
(39)§ 

203 (63) 244 (26) 0.17 0.7107 1.22 0.3584 0.84 0.4774 0.90 0.5501 
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Appendix B Response of the microbial community to separate addition of 13 different 
substrates in nests in comparison to the surrounding soils. Discriminant function analyses for 
three nutrient addition treatments (independent analyses, each with 4 ant nest and 
respective control samples; n=8), using the ant treatments (nest vs. surrounding) as grouping 
variable. 
 

 Mahalanobis-
distance 

Wilks’ Lambda p-value 

Initial (MIRR)    
C 0.9806 0.7537 0.7395 
CN 6.6230 0.3118 0.1620 
CNP 5.6630 0.3463 0.1969 

Integral    
C 2.5767 0.5380 0.4325 
CN 4.4200 0.4043 0.2614 
CNP 13.7804 0.1790 0.0562 

Slope    

C 1.9170 0.6101 0.5338 
CN 2.8034 0.5169 0.4039 
CNP 4.0711 0.4243 0.2851 
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Appendix C. Response of the microbial community to separate supplement of 13 different 
substrates in nests (solid symbols) in comparison to the surrounding soils (open symbols). 
Discriminant function analyses for the three nutrient treatments (independent analyses, each 
with 4 ant nest and respective control samples; n=8) using the ant treatments (nest vs. 
surrounding) as grouping variable and showing canonical values. Initial respiration response, 
integral of respiration curve, and slope of respiration curve are shown when C-substrates 
were added alone (a-c), together with nitrogen (d-f) and in combination with nitrogen and 
phosphate (g-i). N=nest, S=surrounding, numbers=plots. 

i

h) 

g) 

i) 

a) 

b) 

c) 

d) 

e) 

f) 



Chapter 6 

123 

 

Chapter 6 

 

 

Microbial functional diversity – a molecular 

approach 

 

 

 

 

 

 

 

 

 

Evelyn Schumacher, Birgit Pfeiffer, Rolf Daniel and Christian Platner 

 

 

 

 

 

 



Chapter 6 

124 

Abstract 

Microbial diversity in soils is enormous high and still provides a largely untapped 

genetic reservoir. One of the most functionally important and ecologically dominant 

animal groups in the soil of open habitats is the ants, but their influence on microbial 

diversity remains under-explored. We studied functional diversity of microorganisms 

in Lasius ant nests and surrounding soil from two different grasslands (Leptosol and 

Cambisol) by in situ respiration response to an array of substrates in combination 

with a comparison of the involved bacterial community structures by denaturing 

gradient gel electrophoresis (DGGE). Respiration responses of soil microorganisms 

to eight different carbon substrates were measured using an O2-microcompensation 

apparatus. Substrate usage of microorganisms was dependent on ant presence. 

Especially ant-related substances (melecitose, formic acid and phenylic acid) were 

used by soil microorganisms present in ant nests. At the Cambisol (sampling site 2), 

initial respiration response and integral of respiration curve to most substrates was 

higher in nests than in the surrounding control soils. This trend was not found at the 

Leptosol (site 1). These results indicated that no uniform effect of ants on microbes 

exists in the two sampling sites, and that the ant effect was dependent on ant nest 

site. This was supported by DGGE analyses as differences in bacterial communities 

occurred in site 2, but not in site 1. In a separate analysis, substrate utilization was 

compared between site 1 and 2 in nest soils and in surrounding control soils. In nest 

soils, the number of substrates that differed significantly between site 1 and 2 was 

three times higher than in control soils. These observations led to the assumption 

that ants enhanced the already existing differences between site 1 and 2. However, a 

cluster analysis of the obtained DGGE patterns separated all ant nest bacterial 

communities from the surrounding soil communities.  

Combined results from functional and molecular approaches indicated that ants 

affected functional diversity and bacterial community composition in their nests by 

their nest building activity and accumulation of organic substances and food. The 

degree of Lasius ants’ impact on soil microorganisms was more dependent on 

habitat characteristics than on differences in mode of life and trophic function 

between Lasius niger and L. flavus. However, we conclude that soil nesting ants 

intensify differences in soil conditions and thereby enhance the overall habitat 

diversity for the microbial community. 

 



Chapter 6 

125 

Keywords 

Formicidae, ant mounds, microbial activity, physiological profile, substrate-induced 

respiration 

 

 



Chapter 6 

126 

Introduction  

Soil organisms are involved in complex food webs that are fuelled by dead plant 

matter (detritus) and living plant roots (Wardle et al., 2004). Belowground organisms 

are important structuring forces in terrestrial ecosystems acting as drivers of 

ecosystem functioning, such as decomposition, nutrient cycling and plant nutrition 

(Bardgett et al., 2005), thereby affecting the plant community and their consumers. 

Soil microorganisms form the base of soil food webs and are crucial for C and N 

cycling. In this way, they condition the availability of nutrients for plants and regulate 

populations of other soil organisms. Shifts in the activity of microbial communities 

due to environmental changes (e.g. soil management, climate change) can have 

lasting effects on ecosystem functioning (Emmerling et al., 2002). As ecosystem 

engineers ants are able to change or create their habitat through nest building activity 

(Jones et al., 1994; Dauber and Wolters, 2000). Intake of organic substances and 

foraging activities lead to accumulation of nutrients within their nests (Wagner et al., 

1997; Nkem et al., 2000). Thus, ants modify the trophic resource base of organisms 

that are small, less mobile, and dependent on nutrients on-site. High nutrient 

availability in nests can create ,hot spots’ for microbial activity that enhance nutrient 

turnover, soil fertility, primary productivity and plant and herbivore biomass. In a 

study carried out by Fountain et al. (2008), consequences of the bottom-up effect 

caused by nutrient input were an increase in the number of juvenile Collembola, and 

changes in community composition of spiders. Thus, ants can induce a nutrient-

based bottom-up effect on higher trophic level in the aboveground as well as in the 

belowground system.  

In this study, we quantified the functional diversity of soil microbial community in 

response to an array of different substrates and compared Lasius ant nest mounds 

with surrounding soils. To gain insights in the complex microbial community, we 

investigated the soil bacterial communities with molecular approaches. Denaturing 

gradient gel electrophoresis (DGGE) was used as powerful tool for a rapid screening 

of many samples (Heuer and Smalla, 1997). Since this method does not allow to 

distinguish between active and dormant microorganisms, it was combined with 

measurement of community functions (respiration response, physiological profile). 
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Material and Methods 

Sampling sites and organisms 

We chose ten Lasius ant nests from two sample sites in summer 2007 to compare 

the nest mound material with surrounding soil. Three Lasius niger nests and three 

Lasius flavus nests were located on dry calcareous grassland situated on the south-

west facing slope of the Werra valley (Witzenhausen Freudenthal, Northern Hesse, 

Germany) at 180 m a.s.l. (site 1). The former pasture in site 1 has been abandoned 

for 20 years and the soil is a shallow Rendzina (Leptosol) on Triassic limestone with 

a diverse herb layer dominated by Brachypodium pinnatum L. with a soil pH of 7.4. 

The mean annual temperature is 9 °C, and the average annual precipitation 700 mm. 

Additionally, four Lasius niger nests were chosen from another abandoned grassland 

site (Reinhausen, site 2), located 3 km south of Göttingen (Lower Saxony, northern 

Germany) near the river Leine at 160 m a.s.l.. This soil is a Cambisol on a loamy 

floodplain consisting on clayey silt exhibiting a soil pH of 7.5. The herb layer was 

dominated by Picris hieracioides L. The mean annual temperature in Göttingen is 8.7 

°C, and the mean annual precipitation is 639 mm.  

Nest samples were taken to a depth of 10 cm from the middle of nest mounds 

and control soil samples at a distance of 1 m from each nest. After collection, each 

sample was sieved (4 mm) and stored at field moisture at 5 °C. 

 

Respiration analysis 

Physiological profiles of microbial communities were analyzed after separate addition 

of eight different substrates (carbohydrates: D(+)-glucose and D(+)-melecitose-

monohydrate, carboxylic acids: glutaric, ascorbic, formic and phenylacetic acid, a 

polymer: α-cyclodextrine, and an amino acid: L-tyrosine) by measuring oxygen 

consumption in an O2-microcompensation apparatus (Scheu, 1992) for 48 h at 22 °C. 

Substrates were added equivalent to 3.2 mg C g-1 soil dry weight, glutaric acid and 

cyclodextrine were added together with nitrogen (ammonium sulphate) at a mass 

ratio of 10:2 (Anderson and Domsch, 1980). We distinguished the maximum initial 

respiratory response (MIRR) and the integral of the respiration curves, which reflects 

the potential catabolic activity of soil microorganism (Scheu et al., 2002). Values for 

MIRR and integral were calculated as the difference between samples with substrate 

addition and without substrate addition (basal respiration, BAS). 
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L. flavus and L. niger nest and control soil from site 1 were used to test for 

species effect by a GLM, employing ‘ants’ and ‘species’ as factors. The basal 

respiration response (BAS), microbial biomass (Cmic), initial respiration response 

(MIRR), and integral of the respiratory response to the different substrates were 

analyzed by a GLM with ‘ants’ and ‘site’ as factors (SAS 8.1; SAS Institute Inc., Cary, 

NC). 

As we found highly significant interactions between the tested factors ‘ants’ and 

‘site’ for many substrates (see results), we tested differences between the sample 

sites by comparing only control soils and nest soil, respectively, from the two sites. 

We used a one-factor analysis of variances with ‘site’ as factor. An additional 

analysis was carried out with ‘ants’ as factor to compare nest and surroundings in 

each site independently. Means of different treatments were tested for significant 

differences by Tukey’s honestly significant difference test (Sokal and Rohlf, 2001). 

 

Molecular analysis 

The microbial community structure was analyzed by denaturing gradient gel 

electrophoresis (DGGE) of the bacterial community in each nest and the 

corresponding surrounding soil. Soil samples for molecular analyses were stored at -

80 °C until use. Genomic DNA was isolated from 250 mg of soil by employing the 

UltraClean PowerSoilTM DNA Isolation Kit (MO BIO Laboratories Inc., Carlsbad, CA, 

USA) according to the manufacturer´s protocol. The final DNA elution step was 

carried out with 100 µl sterile water. The 16S rRNA gene was amplified with the 

universal bacterial primers BAC 341F (5´- CCTACGGGAGGCAGCAG-3´) and BAC 

907R (5´-CCGTCAATTCCTTTRAGTTT-3) according to Muyzer et al. (1995) and 

Muyzer and Smalla (1998). A 40 bp GC clamp (5´-

CGCCCGCCGCGCCCCGCGCCCGTCCCGCCGCC-CCCGCCCG-3´) was attached 

at the 5’ end of the forward primer BAC 341F (Muyzer et al., 1995). The polymerase 

chain reaction was carried out by employing 20 ng soil DNA as template. The PCR 

mixture (50 µl) contained 5 µl 10fold polymerase buffer (MBI Fermentas, St. Leon-

Rot, Germany), 200 µM of each of the four deoxynucleoside triphosphates, 2 mM 

MgCl2, 2 µM of each primer, 1 U of Taq DNA polymerase (MBI Fermentas, St. Leon-

Rot, Germany). The following thermal cycling scheme was used: initial denaturation 

at 95 °C for 2 min, 13 cycles of denaturation at 94 °C for 1 min, annealing for 1 min at 

a decreasing temperature gradient ranging from 64 °C to 51 °C (1 °C decrease per 
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cycle), and extension at 72 °C for 3 min. Subsequently, 12 cycles of denaturation at 

94 °C for 1 min, annealing for 1 min at 51 °C, and extension at 72 °C for 3 min were 

performed. Finally, an extension period at 72 °C for 10 min was carried out. PCR 

products were checked on 1.5 % Agarose gels and purified using the CyclePure PCR 

purification kit (Peqlab Biotechnologie GmbH, Erlangen, Germany) following the 

manufacturer’s instructions. The concentration of the purified PCR products was 

quantified using a NanoDrop ND-1000 spectrophotometer (Peqlab Biotechnologie 

GmbH). Approximately 500 ng of purified amplicons were separated by 

electrophoresis using the INGENY phorU system (Ingeny International BV, The 

Netherlands). For this purpose, a 9 % (wt/vol) polyacrylamide gel containing a 45 % 

to 60 % denaturing gradient (100 % denaturant consisted of 7 M urea and 40 % 

formamide) was applied. Electrophoresis was performed at 60 °C and 100 V for 16 h 

in 1fold TAE buffer (0.04 M Tris, 0.02 M sodium acetate and 0.001 M disodium), and 

the gels were stained with SYBR Gold (Invitrogen, Karlsruhe, Germany) for 30 min. 

The resulting DGGE profiles were analyzed by using GelCompare II software 

(Applied Maths, Kortrijk, Belgium). Patterns were converted into a presence-absence 

matrix, and samples were grouped using the UPGMA method. Background 

subtraction was applied and position tolerance was set at 1 %.  

 

Results and discussion 

Respiration analysis 

Ant species effect (Lasius niger vs. Lasius flavus) was tested in the different samples 

from site 1. Significant differences between the two ant species, neither for basal 

respiration and microbial biomass nor for initial respiration response and integral of 

respiration response to all substrates were recorded. Thus, in the following analyses, 

samples from both ant species were combined in order to evaluate the ant effect.  

Basal respiration in ant nests was significantly lower than in surrounding soils 

(2.37 and 3.45 µg O2 g-1 soil dry wt h-1, respectively; Table 1, Figure 1). Microbial 

biomass was not significantly affected by ants over both sampling sites (Table 1, 

Figure 2), but both, basal respiration and microbial biomass, were significantly 

affected by sampling site (Table 1). A marginal significant ‘ants’ * ‘site’ interaction 

(Table 1) indicates that differences between sites were predominantly attributed to an 

increase in nest microbial biomass in Cambisol soil (site 2) and that the ant effect on 

soil microorganisms depended on nest site. 
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To gain more detailed information about differences between sampling sites (site 

1 and 2) we tested control soil, independently. Analyses of microbial respiration 

response in surrounding control soil revealed that basal respiration differed 

significantly between the two sampling sites (Figure 1), being lower in site 2 than in 

site 1 (2.45 and 4.11 µg O2 g
-1 soil dry wt h-1, respectively ANOVA for ‘site’ effect on 

BAS F=13.07, p=0.0068). The microbial biomass differed not between both sites 

(Figure 2, Table 3). These contrast between control soils indicated that basal 

respiration is more sensitive to local differences than microbial biomass, even without 

ant activity. The lower specific respiration (=BAS/Cmic given in µg O2 h
-1 mg-1 Cmic) in 

control soil of site 2 (2.6) compared to site 1 (4.8) indicated better microbial 

conditions in site 2, because soil microbial community in this site needed a lower 

respiration to develop a definite microbial biomass (Anderson and Domsch, 1978). 

Thus, substrate utilization was increased in site 2.  

When ant nests were tested, basal respiration was significantly lower (F=26.88, 

p=0.0008; 1.01 and 3.27 µg O2 g
-1 soil dry wt h-1, respectively) and microbial biomass 

significantly higher in site 2 than in site 1 (F=35.80, p=0.0003; 1196.26 and 796.77 

µg Cmic g-1 soil dry wt, respectively). These differences showed that the observed 

sampling site effects were similar but quite stronger in nests than in surrounding 

soils. 

To detect site-dependent differences in nest vs. control soil comparison, we 

separately tested the ant effect in both sites. The one-factorial GLM revealed 

significant differences in microbial biomass between nest and surrounding soil in site 

2 (GLM for the factor ‘ants’ F=11.95, p=0.0135), but not in site 1. The same trend 

was recorded for the specific respiration. Comparison between nest and 

surroundings in site 1 (nest 4.1, surrounding 4.8) revealed no difference, whereas in 

site 2 a significant decrease was found in ant nests (nest 0.8, surrounding 2.6). The 

 BAS Cmic 

 F p F p 

ant  13.01 0.0024 1.53 0.2333 

site 38.31 <0.0001 9.42 0.0073 

ant*site 0.87 0.3642 4.02 0.0622 

Table 1. Effects of the factors ‘ants’ 
and ‘site’ on basal respiration (BAS) 
and microbial biomass (Cmic) tested 
by two-factor GLM nest and 
surrounding soils were tested 
together. df=degrees of freedom 
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latter result indicated that out of the tested soil samples, nests in site 2 had the best 

conditions for soil microbial development. 

 

Figure 1. Influence of ants on basal respiration. Control soils are represented by grey bars 
and ant nests by black bars. Error bars depict standard deviations.  
 

 
 

Figure 2. Influence of ants on microbial biomass. Control soils are represented by grey bars 
and ant nests by black bars. Error bars depict standard deviations.  
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Ants can affect the soil microbial community by altering soil conditions and 

nutrient availability for microorganism and, thus, change community structure and 

ecosystem functioning. Accumulation of substances by ants can create ,hot spots’ for 

microorganism by increasing NO3-N and PO4-P amounts in nests (Nkem et al., 2000; 

Platner et al., 2001), but this effect on microorganisms is dependent on the nutrient 

status of the soil in which the nests are located. Frouz et al. (2003) reported that 

chemical properties of ant nests were affected by chemical properties of the 

surrounding soil. For example, pH values in nests increased in acidic soils, but the 

opposite was true in alkaline soil. Additionally, as the content of available P in the 

surrounding soil increased, the enrichment of the nest was higher in comparison to 

the control.  

Ants had a strong effect on initial respiration response in Cambisol soil of site 2 

with higher respiration response to all substrates, except cyclodextrine, in ant nests 

than in control soil. Respiration response increased by addition of glucose, ascorbic 

acid glutaric acid, or tyrosine 1.3-, 1.5-, 1.6-, and 1.8-fold, respectively. Three ant-

related substances were tested: melecitose, as one of the dominant sugars in 

honeydew produced by aphids (Fischer et al., 2005) and used as an energy resource 

by ants, and phenylic and formic acid, as gland secretions by ants with possible 

antibiotic activity (Hölldobler and Wilson, 1990). The highest respiration was 

measured for these ant-related substrates in ant nest soil from site 2. Respiration 

increased for melecitose, formic acid, and phenylic acid 2.4-, 2.3-, and 2.1-fold 

compared to surrounding soil from site 2. Melecitose is a component of aphid 

honeydew with 40.5 % of sugar composition in lime aphids (Dighton, 1978). It is 

synthesized by aphids to attract ants (Kiss, 1981). Sugars are a carbon source that 

can be rapidly degraded by soil microorganisms (Joergensen and Scheu, 1998). 

Thus aphids` honeydew has the potential to act as bottom-up force in the soil food 

web, but ants can reduce the amount of honeydew that reach the soil surface by 50 

% (Seeger and Filser 2008) due to tending aphids and collect their sugar-rich 

droppings. The intake of honeydew into their nests can increase the available carbon 

amount for microorganisms in nest habitats and consequently increase microbial 

biomass. Formic acid and phenylic acid were expected to reduce microbial 

respiration because of its antibiotic character, but these substrates increased 

respiration response. Thus, it was utilized by microorganism. Utilization of substrates 

differed only slightly between nest and surrounding soil in site 1.  
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The overall ant effect on initial respiration response was significant for melecitose, 

ascorbic acid, tyrosine, and phenylic acid, but the ant effect was dependent on 

sampling site (significant interaction between ‘ants’ * ‘site’ for the given substrates, 

Table 2, Figure 3a, b) and were predominantly caused by strong response in site 2 

and less by changes in site 1.  

 

Table 2. Effects of the factors ‘ants’ and ‘site’ on initial respiration response (MIRR) and 
integral of respiration curve (integral) to eight different substrates, tested by two-factor GLM. 
df=degrees of freedom 
 

  glucose melecitose ascorbic acid glutaric acid+N 
MIRR df F p F p F p F p 
ants  1 3.75 0.0705 18.67 0.0005 16.11 0.0010 2.12 0.1649 
site 1 13.47 0.0021 26.35 0.0001 20.16 0.0004 11.03 0.0043 
ants*site 1 3.26 0.0898 22.50 0.0002 13.47 0.0021 2.64 0.1239 
Integral          

ants  1 4.57 0.0483 25.81 0.0001 33.38 <0.0001 2.71 0.1190 
site 1 4.42 0.0516 3.49 0.0801 6.33 0.0229 0.08 0.7836 
ants* site 1 0.72 0.4076 1.96 0.1804 11.70 0.0035 0.59 0.4541 
 
  tyrosine cyclodextrine+N formic acid phenylic acid 
MIRR df F p F p F p F p 
ants  1 9.50 0.0071 0.6827 2.93 0.17 0.6827 2.93 0.1649 
site 1 13.00 0.0024 <0.0001 0.75 30.92 <0.0001 0.75 0.0043 
ants*site 1 13.79 0.0019 0.9713 1.41 0.00 0.9713 1.41 0.1239 
Integral          

ants  1 3.49 0.0803 0.3207 6.13 1.05 0.3207 6.13 0.1190 
site 1 3.82 0.0682 0.0180 30.31 6.94 0.0180 30.31 0.7836 
ants* site 1 2.08 0.1682 0.4359 0.01 0.64 0.4359 0.01 0.4541 

 

 

Table 3. Effect of ,site’ in nest and surrounding soil tested both soils separately in a one-
factor GLM. MIRR=maximum initial respiratory response, integral=integral of the respiration 
curves, df=degrees of freedom. 
 

  nest control 

  MIRR Integral MIRR Integral 
 df F p F p F p F p 
glucose 1 9.01 0.0170 9.54 0.0149 5.15 0.0527 0.51 0.4960 
melecitose 1 39.61 0.0002 5.69 0.0441 0.10 0.7612 0.10 0.7563 
ascorbic acid 1 28.69 0.0007 17.19 0.0032 0.40 0.5448 0.42 0.5353 
glutaric acid+N 1 6.25 0.0340 0.13 0.7314 11.44 0.0069 0.52 0.4923 
tyrosine 1 15.72 0.0041 7.63 0.0246 0.02 0.8925 0.11 0.7536 
cyclodextrine+N 1 17.98 0.0028 1.48 0.2590 13.52 0.0063 6.86 0.0307 
formic acid 1 0.05 0.8340 17.92 0.0029 2.33 0.1650 13.01 0.0069 
phenylic acid 1 38.95 0.0002 88.44 <0.0001 3.70 0.0905 4.93 0.0572 
 

A stronger overall positive response to more substrates (glucose, melecitose, 

ascorbic-, formic-, and phenylic acid) was observed in nests from site 2 for the 

integral of respiration response, with significant ‘ants’ *’site’ interaction for ascorbic- 
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and phenylic acid (Table 2). The other substrates showed a similar pattern with 

smaller differences. Ants affect the functional diversity of soil microbial communities; 

however, these effects depend on the habitat characteristics. The integral of 

respiration response glucose, melecitose, and all to three tested carboxylic acids, 

were affected by sampling site. Especially the ant effect on the integral of respiration 

response to two carboxylic acids were dependent on the site (significant interaction 

‘ants’ * ‘site’, Table 2). That carboxylic acids being most powerful for separating 

different soils was already reported by Degens and Harris (1997) and could been 

supported in our study. 

 

Figure 3. Initial respiration response (A.) and integral of respiration response (B.) to eight 
different substrates in nests (black bars) and control soils (grey bars). Glc=glucose, 
mel=melecitose, asc=ascorbic acid, glu=glutaric acid, tyr=tyrosine, cyc=cyclodextrine, 
for=formic acid, phe=phenylic acid, +N=added together with ammonium sulphate. 
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Higher respiration response to substrates and lower basal respiration in nests of 

site 2 compared to surroundings can be explained by ants` activity as ecosystem 

engineers (Jones, 1994; Dauber and Wolters, 2000), which influence physical and 

chemical properties of soils by nest construction, and foraging and consumption of 

food (Nkem et al., 2000; Frouz et al., 2003). 

The accumulation of ammonium, nitrate and phosphate in ant nests is well 

documented (Wagner et al., 1997; Nkem et al., 2000; Platner et al., 2001) and 

microorganisms in soil are controlled by energy and nutrient availability and by 

environmental forces. It has been assumed that the most common limiting factor for 

microbial growth in soils is the lack of carbon, but the utilization of different C 

resources depends on the availability of other nutrients (Scheu and Schaefer, 1998). 

The site-dependent nutrient availability for soil microorganisms can explain the 

differences in substrate utilization between sites. The shallow Leptosol of site 1 has 

severe limitations to rooting and the excessive internal drainage in combination with 

the shallowness and the warm microclimate on the south exposed hill slope can 

cause severe droughts in the summer (Platner, 2006), which harms microbial 

communities. In contrast, moderately developed and base saturated Cambisols of 

temperate regions (“Braunerden”), like the soil of site 2, which derived from floodplain 

loess, are among the most productive soils on the earth (IUSS Working Group WRB, 

2007). Soils are dynamic systems and soil nutrient content varies in space and time. 

Thus, different nutrient limitations in habitats can mask ant effects, especially, when 

different sites or seasonal changes are compared (Frouz et al., 2003; Platner, 2006).  

In two separate analyses, we tested the sampling site effect in both, nest and 

surrounding soil. Initial respiration response to two of the eight different substrates 

gave significant local differences when control soil was tested. In contrast, seven 

substrates separated the two nest sampling sites from each other. Similar patterns 

were observed for the integral of respiration response with two substrates separating 

the both control soil sites and six substrates separating the both nest soil sites. 

These observations led to the assumption that ants enhanced the local differences 

between the two sample sites.  

In control soils, differences between site 1 and site 2 were relatively low for initial 

respiration response in the case of following substrates: melecitose 0.58, ascorbic 

acid 1.88, tyrosine 0.19 and phenylic acid 1.85 µg O2 g
-1 soil dry wt h-1. This was in 

contrast to nest soils, where strong differences between sites were detected in 
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response to these substrates: melecitose 14.54, ascorbic acid 15.71, tyrosine 12.89 

and phenylic acid 9.21 µg O2 g
-1 soil dry wt h-1. 

Similar to the initial respiration response, local differences of integral of respiration 

response were stronger in nests (glucose 525, melecitose 297, ascorbic- 436, formic- 

403 and phenylic acid 973 µg O2 g
-1 soil dry wt h-1) than in controls (glucose 222, 

melecitose 43, ascorbic- 66, formic- 390 and phenylic acid 231 µg O2 g
-1 soil dry wt h-

1). These results indicated that ant presence in site 2 had a stronger impact on soil 

microbial communities than in site 1. This might be a result of differences in nutrient 

availability and initial species diversity between sampling sites, at least during the 

summer. In spring and late summer, Platner (2006) could detect an overall significant 

higher microbial biomass in ant nests from site 1 compared to the surrounding, but 

not in very dry time periods or soil horizons. These observations and experimental 

results are consistent with our results by comparison of two different sites. 

Changes in microbial community composition can influence higher trophic levels 

because microbes represent the base of the belowground food web (Pokarzhevskii et 

al., 2003). Thus, knowledge on community composition of microorganisms and their 

range of substrate utilization is important for understanding key ecological processes. 

The use of physiological profiles is a promising tool to study differences in the 

functional diversity of soil microbes, but to understand key ecological processes, the 

information on the groups of microorganisms leading to functional changes is 

important. To obtain information on microbial community composition in soils, we 

used genetic approaches.  

 

Bacterial community analysis  

To investigate the impact of the above-mentioned factors on the bacterial community, 

community composition of the ant nest mounds and the surrounding control soils 

were analyzed by using PCR-DGGE. To provide robust assessment of patterns, 

each sample subjected to three independent PCR-DGGE reactions. The average 

number of bands per sample was 14.2 ± 3.5.  

The DGGE patterns of each nest for both ant species, L. niger and L. flavus were 

similar to those of the respective surrounding soil in site 1 as well as in site 2. 

Nevertheless, a higher species abundance of the bacterial communities derived from 

the nest samples was indicated, as the bands from the nest samples showed a 

higher intensity than those derived from the surrounding soils. The UPGMA 



Chapter 6 

137 

dendrogram derived from the cluster analysis of the obtained DGGE patterns 

generated showed two clearly separated groups (Figure 4). All nest bacterial 

communities grouped together and were separated from the surrounding soil 

communities. Two surrounding soil samples of Lasius niger nests from site 2 grouped 

outside. 

Within the nest cluster, matches to site occurred more often than matches to the 

different Lasius species, indicating that site differences affected bacterial 

communities in nests stronger than differences in ants’ life strategy. A similar trend 

showed the cluster analysis. 

 

Figure 4. Dendrogram showing cluster analysis of the digitized DGGE bacterial profile from 
Appendix A. The UPMGA method was applied, which takes the presence or absence of 
bands at certain positions in each lane into account.  
 

Correspondingly, the DGGE patterns of bacterial communities showed site-

dependent differences of the ant nests. In site 1, DGGE band patterns differed only 
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slightly between nest and surrounding soil, in particular one band which occurs in the 

profile of Lasius niger mound of site 1 (see arrow in Appendix A). The pattern of site-

dependent differences was observed for microbial biomass and physiological 

profiles, as well.  

The DGGE profile of the nest samples showed more bands, as well as more 

defined and intense bands compared to the surrounding soil samples. This indicates 

a higher abundance of species represented by these more intense patterns. Taking 

the limitation of the DGGE technique into account, that one band may represent 

more than one species (Myzer, 1999), we avoided the calculation of richness and 

diversity indices. Nevertheless, based on the up to 19 distinct bands per sample a 

high bacterial diversity is assumed. 

However, these more intense DGGE patterns of the nest samples may reflect the 

ant activity, which led to changes in microbial biomass. Gronli et al. (2005) pointed 

out that the most consistent parameter for the variation in microbial soil community 

was the block, suggesting a strong spatial structure in the soil microbial community. 

Conditions for microbial development can differ between sites and the initial species 

diversity of soil organism strongly depends on previous land use (Hedlund et al., 

2003). Ant activity can influence the microbial community in one habitat stronger than 

in another, dependent on initial diversity of microorganism, soil nutrients, soil water 

content, soil structure, and other characteristics of the respective habitats. Nutrient 

limitation for microorganisms can differ between environments, in some soils 

nutrients are already available for microorganisms, but in nutrient-poor soils ants can 

provide the limiting resource. The latter results in stronger ant effects on microbial 

community structure and activity.  

 

Conclusion 

Ant activity led to changes in bacterial communities and physiological profiles, but the 

degree of the ants’ impact on microbial communities depended on nest site. This 

effect could be demonstrated by PCR-DGGE as well as through respiration analysis. 

Higher microbial biomass and respiration response in ant nests from site 2 in 

Reinhausen (Lower Saxony, Germany) was reflected in DGGE analyses by more 

diverse bacterial community patterns and higher abundance of bacterial soil 

community members. Similar patterns of physiological and DGGE profiles suggest 

that respiration response to the different substrates predominantly reflected activity of 
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bacterial communities. In summary, the results indicated that ants affect functional 

diversity and bacterial community composition in their nests by their nest building 

activity and accumulation of organic substances and food, but the degree of ants’ 

impact on soil microorganisms is dependent on sample site characteristics.  

 

.
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Appendix 

 

Appendix A: DGGE profile derived from the bacterial community of the four different Lasius 
niger ant nests and surrounding soil of site 2 and the three Lasius flavus and three Lasius 
niger ant nests and surrounding soil of site 1. For each sample 500 ng of PCR-product were 
applied to a DGGE gel containing 9 % acrylamide and 45 to 60 % denaturant. The arrow 
highlights the banding pattern, which separates Lasius niger nest samples from the 
respective surrounding soil. 
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The aim of this study with its different experiments was to get insights into the 

complexity of the system involving ants with their direct and indirect effects on their 

mutualistic partners, the host plant of these partners and the soil microbial community 

with its diverse utilisation of nutrients.  

 

Does tending by ants affect the biomass of aphid colonies and does tending 

intensity of ants change when sugar and protein are available as alternative 

resources? 

 

The food-for-protection mutualism between ants and aphids often results in positive 

effects for aphids due to protection by ants against enemies (Way 1954 and 1963; 

Banks 1962; Banks and Macaulay, 1967; Stadler and Dixon, 2005) and hygienic 

services of ants (Banks, 1962). The presence of honeydew-producing hemipterans 

dramatically alters the abundance and predatory behaviour of ants on plants (Styrsky 

and Eubanks, 2007), but the intensity of mutualism depends on several factors such 

as the availability of alternative sugar/protein sources or the sugar/protein need of the 

tending ant colony. Ants often increase plant biomass by removing aphid-derived 

droplets of honeydew from the surface of the leaves where it would form a resource 

for fungal pathogens (Rico-Gray and Oliveira, 2007; Schumacher and Platner, 2009). 

In the two related laboratory experiments (Chapters 2 and 3), the positive effect of 

ants on aphids was confined to hygienic services, because no predators of aphids 

inhabited the microcosms, what made protection unnecessary and reduced the 

positive effect of ants. Ants positively affected aphid populations in the first 

experiment, but reduced tending, whilst having access to an alternative sugar 

resource (Figure 1). In both experiments, protein need for colonies was reduced. To 

avoid activity differences between experimental ant colonies, workers of one origin 

colony were used for the microcosm set-up. Thus no queen inhabited the 

microcosms and no new larvae were produced, what may have led to lower predation 

pressure of ants on aphids in comparison to natural conditions. Especially in the 

second experiment, many larvae developed to adult workers and workers died during 

the experiment which led to reduced protein requirements and lower aphid colony 

visitation by ants. Thus, the number of living aphids and aphid colony biomass were 

not affected by ants. However, more winged individuals were counted, indicating 

higher spreading tendency in colonies tended by ants, what was in contrast to other 
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studies finding later spreading under ant attendance (Kindlmann et al., 2007). 

Altogether, ants affected aphid colonies to a low degree, but in many cases, 

mutualism depends on the impact of natural enemies or competitors (Tscharntke and 

Hawkins, 2002). These factors, influencing aphids survival, were excluded in our 

microcosm, thus the ants effect on aphids should be stronger in the natural systems. 

 

Which influence has the trophobiosis between ants and aphids in combination 

with the structural changes by nest construction on material flow between the 

aboveground and belowground system and on the microbial community? 

 

The material flow from plants via aphids and their honeydew into the system could be 

followed by using stable isotope technique. The isotope technique was successfully 

used to detect the origin of ants’ food source when sugar and protein were offered as 

alternative resources. Labelling of plants, however, was only successful for the 15N 

but not for 13C isotope. It could be demonstrated that 15N material was transferred 

from aphids to ants and their larvae (Chapter 3). The material flow may 

predominantly have happened via aphids used as prey, because ant larvae 

preferentially consume proteins, and an increased δ15N value in tissues of ant 

workers should reflect the larval diet, because ants do not build up further biomass 

when they are adult (Blüthgen et al., 2003).  

 

The input of honeydew into the litter and especially the soil and its effect on 

microorganisms strongly depended on the presence of ants. In microcosms without 

ants, a marginal δ15N signature could be measured in the litter, but not in the soil 

samples. Only when ants were present, this signature could also be measured in the 

upper soil samples, indicating that ants enhance the material flow between the 

aboveground and belowground layer (Figure 1). Ant activity also affected litter and 

soil microorganisms. Ants reduced honeydew amounts reaching the litter by tending 

aphids, what led to lower microbial biomass in the litter in comparison to ant-free 

treatments where honeydew increased litter basal respiration and microbial biomass. 

However, basal respiration and marginally also microbial biomass in soil samples 

increased when ants were present. Thus ants transport resources from aboveground 

to belowground, what led to higher nutrient availability for soil microorganism.  
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Honeydew intake by ants might be most important in systems with low rainfall, 

when honeydew can not be washed off the vegetation through the litter into soil. 

Altogether, the ant effect was stronger than the honeydew effect. This might be 

caused by panes that did not exclude honeydew completely, what might have 

weakened the honeydew effect. Consequently, in this experiment effects of ants 

involving nest building activity and trophic interactions with aphids do have a higher 

impact on soil microorganisms than aphids’ honeydew alone. Honeydew effect on 

soil bacterial profile was an increased dominance of bacterial populations that 

already existed in soils (Gammaproteobacteria). Ants activity, however, led to 

changes in the structure of bacterial populations by promoting a more balanced 

dominance structure between populations. Altogether Betaproteobacteria were 

reduced and Firmicutes increased due to ant presence. 

 

How do ants affect soil parameters and soil microbial community and 

functioning in natural systems?  

 
Lasius ants strongly modified soil nutrients by increasing the amount of PO4-P and 

NO3-N in the soil of their nests by accumulation of organic substances and food 

(Chapter 4, Frouz et al., 1997). The creation of patches with high soil fertility and the 

modification of other soil properties (Pêtal, 1978; Lobry de Bruyn and Conacher, 

1990 and 1994; Nkem et al., 2000; Frouz et al., 2003) can be favourable for soil 

microorganisms, but nutrient limitation plays a role even in ant nests (Chapter 5). I 

could also show, that in spite of higher nutrient availability in nests, microbial activity 

and fungal abundance depended on soil moisture and its seasonal changes. Basal 

respiration and microbial biomass were positively, fungal abundance was negatively 

correlated with soil water content (Chapter 4). Platner (2006) reported, that ant 

activity changes soil humidity within the nest in comparison to the surrounding soil, 

indicating that ants can directly and indirectly alter microbial community composition. 

I found a considerably higher fungal diversity in ant nests using the plating technique, 

but the bacterial component of the community was not investigated in this study.  

 

The in situ respiration response to an array of substrates was used to quantify the 

ant effect on the functional diversity. With this method, the response of the whole 

active microbial community can be studied, but increasing the soil water content to 70 

% of soil dry weight may have improved bacterial development (see Chapter 5). 
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Differences in the actual catabolic activity of nest and surrounding soil communities 

were mainly caused by different utilization of carboxylic acids. This indicates, that 

ants have an effect on microbial community functioning, but the impact of ants on the 

soil microorganisms depended on the degree of ant activity in this experiment. 

Additionally, the strength of ant effects can differ dependent on ant nest location 

(Chapter 6). The ant effect was slightly in one location, while being strong in an other. 

This location dependent ant effect could be measured using physiological profile, 

basal respiration, microbial biomass and bacterial DGGE patterns, indicating that the 

ant effect vary with local conditions and initial diversity of soil microorganism.  
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Figure 1. Effects of ants and honeydew on the different compartments of the system. Solid 
line=ant effect, dotted line=honeydew effect, Ch=Chapter. 
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Summary 

In conclusion, the above- and belowground material pathways play an essential role 

in ant-inhabited systems by different activities: the ants prey on/tend aphids, modify 

soil structure  and influence nutrient intake by microorganisms and plants. In my 

studies, ants affected above- and belowground systems. Ant aboveground effects 

were tested in two artificial systems and resulted in marginal significant changes of 

aphid and plant conditions, but the ant effect depended on the availability of 

alternative food, what can lead to changes in ant tending activity and consequently 

exert effects on aphids and their host plants. Ant belowground effects were 

addressed in all five experiments. Out of these experiments, three studies were 

carried out in natural systems. Here, ants increased soil nutrients and fungal diversity 

and caused changes in functional diversity of soil microbial communities, but soil 

nutrients and fungal diversity were strongly influenced by season and soil moisture 

changes. In artificial systems ant induced an increased 15N flow to soil and changed 

microbial parameter (basal respiration, microbial biomass, bacterial DGGE profile). 
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