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Thesis Overview  
 

This thesis consists of six chapters. Chapter 1 provides a general introduction to 

this work within the context of the wider national soil biodiversity project 

CréBeo. Furthermore ants, earthworms and the use of stable isotopes 

measurements as a tool for the investigation of trophic ecology of ants and other 

organisms are introduced.  

 

Chapter 2 presents the baseline survey undertaken for ants. An overview of the 

outcomes of surveys on other soil organisms is also provided. 

 

Chapter 3 provides information on the distribution of Irish ants in the Counties 

Clare, Galway and Limerick. It identifies species and habitats worthy of 

conservation and gives recommendations for the conservation of ants and 

suggests situations where information on ants should feed into conservation plans 

for other taxa. 

 

Chapter 4 investigates the relationships between long established colonies of the 

soil dwelling ant Lasius flavus (F.) and the earthworm community in old 

limestone grasslands.  

 

Chapter 5 presents new information on the trophic interactions of Irish ants based 

on the use of stable isotopes. It includes not just species of three native genera 

from a limestone pavement, a notably rare habitat in the European context, but 

also addresses ontogenetic, temporal and ecosystem aspects of this topic. 

 

Chapter 6 provides an overall conclusion for the thesis.  
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Chapter 1: General Introduction 
 

1.1. CréBeo – The Irish soil biodiversity and protection project 
 
With the launch of the initiative “Towards a Thematic Strategy for Soil 

Protection” by the European Commission in 2006, soil finally got the attention it 

deserved. Soils are involved in the regulation of ecosystem processes and 

parameters (Grime 2001, van der Putten et al. 2001, Wardle 2002, Bardgett and 

Wardle 2003). Furthermore, several ecosystem services are provided by soil, such 

as nutrient cycling, waste degradation, pest and disease suppression, ecosystem 

health, carbon storage and biodiversity. This latter service has been recognised as 

one of the last great frontiers in biodiversity research (e.g. Wardle et al. 2004, 

Foley et al. 2005). It was found that information on soil dwelling organisms 

contains gaps, which need to be addressed. This applies in particular to Ireland, as 

there are no comprehensive species lists for most soil invertebrates. Apart from 

this, the responses of these functional or systematic taxa to pressures and their 

specific role in soil processes need further research. 

 

The work presented in this thesis was undertaken as part of the Irish soil bio-

diversity project CréBeo (acronym derived from Irish cré=soil and beo=life). 

CréBeo was funded under the STRIVE programme of the Environmental 

Protection Agency (EPA) and had partners in University College Dublin, National 

University of Ireland Maynooth, Teagasc Johnstown Castle and University of 

Limerick. A brief outline of the CréBeo project follows and further details can be 

found in the final technical report of CréBeo (Schmidt et al. 2011). Notably, the 

author of this thesis contributed to the majority of chapters in this report, 

especially Chapter 5 and sections 2.3.7, 2.4.2.6 and 4.4. (Schmidt et al. 2011). A 

copy of an submitted manuscript can be found in appendix 2. 
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The following four objectives were formulated for CréBeo and this project: 

 
1. The gathering of baseline data on distribution and diversity of a range of 

important soil organisms in major land uses and soil types in Ireland. 

In this thesis baseline data gathered for ants are presented in Chapter 2 and are 

compared to those of other groups of soil organisms investigated by CréBeo. 

 

2. The provision of indicators for habitats suitable for conservation of soil-

dwelling ants. 

This research investigated 80 sites of ten different habitat types for their 

conservation value towards ants and is presented in Chapter 3 of this thesis. 

 

3. The investigation of the response of important soil organisms to pressures 

caused by land spreading of organic waste materials under field conditions. 

Investigations on this objective are not covered in this thesis and can be found in 

PhD theses by Boots (2010) and Hazard (2010). 

 

4. The conduction of field experiments and in situ investigations for the 

examination of links between biodiversity and functions in soil. 

As part of this research an in situ investigation of the earthworm community in 

prime habitats of the Yellow meadow ant (Lasius flavus) in old grassland on 

limestone was undertaken, which is presented in Chapter 4 of this thesis. 

Furthermore the trophic relationships of ants and other soil dwelling organisms 

were investigated using natural-abundance of the stable isotope pairs of C12/C13 

and N14/N15, which is presented in Chapter 5 of this thesis. 

In addition an investigation on the potential effects of different ant species on the 

microbial community within their nests was contributed to (Boots et al. in prep., 

appendix 3). 
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The key achievements of the project related to these objectives were: 

 
1. A survey was conducted for the diversity of microorganisms (bacteria and 

fungi), root-associated fungi (mycorrhizal fungi), nematodes (microscopic 

worms), earthworms, micro-arthropods (mites) and ants at 611 sites representing 

five dominant land uses and eight major soil groups in Ireland (see appendix 1.1). 

The survey produced a wealth of new data on the occurrence, abundance and 

diversity of these organisms; it showed that patterns of biodiversity across land 

use classes varied for different groups of organisms, that soil type had limited 

effects on biodiversity, but soil properties were related to the diversity of many 

groups of soil organisms. Differences across classes suggest that the usefulness of 

particular taxa/groups as biodiversity indicators may be land use specific, while 

variation within land uses suggests that this classification could be refined. 

Previously unrecorded species include 13 predatory nematodes, an earthworm 

endemic to southern France, all new to Ireland, and a mite species potentially new 

to science. These findings highlight the lack of inventory data on soil organisms in 

Ireland; increasing the number of sites would likely lead to further discoveries. 

This survey provides the first systematic baseline data for future monitoring and 

reporting on biodiversity in Ireland (Schmidt et al. 2011). 

 

2. Eighty field sites in ten habitat types were surveyed and characterised in terms 

of their conservation value for rare ant species and other vulnerable organisms 

that are associated with ants (Schmidt et al. 2011) 

 

3. The biodiversity of key functional groups in agricultural soils was shown to be 

resilient to the application of a common soil management pressure. In two 

replicated field experiments, annual land spreading for two years with two types 

of biosolids (treated sewage sludge) at permitted rates (~five tonnes dry matter per 

hectare) had few measurable effects on soil microorganisms, mycorrhizal fungi or 

nematode worms, and had positive effects on earthworm abundance in an arable 

                                                 
 
 
1 61 sites were chosen for the baseline survey. Different field workers achieved 
slightly different numbers of site totals in their surveys, as some sites were not 
available on each sampling occasion e.g. due to flooding, permission, etc. 
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soil. Temporal variability was generally greater than treatment effects for all soil 

organism groups (Schmidt et al. 2011). 

 

4. New molecular biology and isotopic tools were used to investigate the inter-

relationships of important soil species and ecological functions. Grassland ants 

were shown to alter the properties of soil and to harbour (in their nests and 

abdomens) different microorganisms and functional genes related to nitrogen 

cycling than occur in soil. Earthworm species that feed on plant residues were 

shown to contribute to the recycling of nitrogen and carbon; any loss of such 

species (e.g. through predation by exotic flatworms) would have impacts on 

ecosystem functions such as decomposition and nutrient cycling (Schmidt et al. 

2011). 

 

1.2. Ants 
 

Ants (Formicidae) are a family of the insect order of Hymenoptera, closely related 

to and evolved from early wasps (Vespidae). Currently the family consists of 22 

subfamilies in 300 genera with 14 097 described species (Bolton 2011). In central 

Europe about 175 species are known (Seifert 2007). The Irish ant species can be 

seen as a subset of this with less than 20 native species recorded (see Chapter 3 

for updated species list). They belong to two subfamilies; the Mymicinae and the 

Formicinae. Mymicinae consist of ants with a two-segmented waist, whereas the 

waist in Formicinae consists of only one segment. Strictly speaking, the waist 

segment(s) is part of the abdomen and the segments following are called the 

gaster. 

Since the Cretaceous (from about 145.5 to 65.5 million years ago), ants have 

occupied key positions in most terrestrial environments. Many of them are 

keystone species (Paine 1969, Krebs 1985), which when removed or are lacking 

in an ecosystem, cause it to change dramatically. During their evolution, 

interactions with a variety of other organisms developed. Ants participate in 

symbioses, both facultative and obligative, with more than 465 plant species in 

over 52 families (Jolivet 1996), with thousands of arthropod species (Kistner 

1982; Hölldobler and Wilson 1990), and with as-yet unknown numbers of fungi 

and microorganisms (Schultz and McGlynn 2000; Mueller et al. 2001). Apart 
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from direct trophic effects, many ant species affect their environment also as 

ecosystem engineers (Jones et al. 1994). Soil bioturbation (hence the term ‘soil 

engineers’ is occasionally used; Dauber and Wolters 2003) of ants causes 

localised alteration of soil in comparison to the surrounding soil and can affect 

various other species. The effect of this activity can be seen as an enrichment of 

the ecosystem creating microhabitats, which alter organism distribution patterns 

and biodiversity within this ecosystem (e.g. King 1981, Dauber and Wolters 2000, 

Blomqvist et al. 2000). In summary, ants play an important role in the flux of 

matter and energy. They are, for example, important turners of the soil, matching 

or exceeding the activity of earthworms in this role (Bolton 2011). In this context, 

one Irish species, Lasius flavus, is outstanding. It is known that nests of this 

species can cover up to 17.7% of a meadow (Nielsen et al. 1976) with up to 8000 

ants per square metre acting also around this area. The result is a massive soil 

bioturbation caused by this widely distributed hypogaeic ant species. 

 

Ants have adapted a wide spectrum of trophic strategies and often tend to be 

predators. However, in central Europe only very few are food specialists as most 

species tend to be opportunistic omnivores of various types (Seifert 2007). Some 

combine herbivory, carnivory, and trophobioses yielding honeydew from several 

Rhynchota (especially aphids and scale insects). Although fungal symbiosis with 

ants has also been found in Europe (e.g. Maschwitz and Hölldobler, 1970), the 

fungi involved provide nest stability rather than a food source. True fungivory is 

only found for ants of the Neotropical Region. (e.g. Atta and Acromyrmex spp., 

Hölldobler and Wilson 1990).  

 

1.3. Earthworms 
 

The definition of an earthworm still causes controversy (Storch and Welsch 

2004). However, all species are, but not the only representatives, of the annelid 

class Oligochaeta (Sims and Gerard 1999). About 6000 species are described. The 

majority of European, and all the Irish native species, belong to the family 

Lumbricidae. More than 20 species can be considered native to Ireland. 
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Earthworms are known for their key role in various soil processes, like carbon 

cycling, re-calcification, bioturbation, aeration and others. In relation to their 

ecology they can be grouped into three main categories (Figure 1.1.) following 

Bouché (1977). Epigaeic (from Latin for “on top of the soil”) species are small 

litter dwelling as well as litter feeding earthworms. As they are more often 

exposed to sunlight, they show full pigmentation. Endogaeic (from Latin for “in 

the soil”) earthworms species construct horizontal burrows in the organo-mineral 

layer and feed on this topsoil. They are weakly pigmented and vary in size. 

Finally, anoecic species construct deep vertical burrows, sometimes over several 

soil layers to draw down organic material especially at night. The large species are 

anteriorly and dorsally dark brown in colour. Wallwork (1983) mentioned that 

further subdivision of these groups is possible. 

 

 
Figure 1.1. Categories of earthworms according to their ecology following 
Bouché (1977). See text for further details. (From the website of Great Lakes 
Worm Watch (2011)). 
 
1.4. Stable isotopes as a tool for the investigation of trophic 

relationships in ecology 
 

Isotopes are atoms sharing the same number of electrons and protons but varying 

numbers of neutrons. They are stable if the number of neutrons and protons are 

about equal. Unstable, and so decaying isotopes, are called radioactive isotopes. 

Currently 21 elements are known to have stable isotopes (Sulzman 2007). In 
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ecological research only the lighter elements are used. This is for two reasons: the 

lighter elements dominate biological compounds and the percentage difference 

between the two masses is higher, which is methodically useful. As the difference 

between the materials is usually minimal, the international standard for reporting 

is made in parts per thousand according to the following formula: 
 

Equation 1:  X (‰) = (Rsample /Rstandard –1)*1000‰,  

 

where R is the ratio of heavy-to-light isotope or element (e. g. 13C/12C and 15N/14N 

respectively). The values for those ratios are commonly expressed as “δX‰”. 

Rstandard is usually the ratio of Pee Dee Belemnite for 13C, and that of atmospheric 

N2 for 15N.  

 

Stable isotope differences are typically measured using a technique called Isotope 

Ratio Mass Spectrometry (IRMS). A mass spectrometer is an instrument that 

separates charged atoms or molecules on the basis of their mass-to-charge-ratio 

(m/z). For measurements nowadays usually a gas chromatograph is connected 

upstream. The method employed is a Continuous Flow Isotope Ratio Mass 

Spectrometry (CF-IRMS), which allows a sample automation making it useful for 

complex analyses. Further information on CF-IRMS is provided by Sulzman 

(2007). 

 

Natural-abundance-stable-isotope studies are seen as a useful tool for assessing 

the trophic position of ants in foodwebs (Feldhaar et al. 2010). However, in 

moving rapidly to yield application, many assumptions critical to using the 

technique have not been tested for or understood (del Rio et al. 2009). The natural 

discrimination of isotopes in some biochemical pathways can result in the 

accumulation/fractionation of isotopes. The best known case is the discrimination 

of 13C caused by the enzyme RuBisCO, leading to a depletion of 12C in 

comparison to the atmosphere and other plants. These other plants involve another 

less discriminating step of CO2 fixation via PEP carboxylase prior to the 

RuBisCO stage. With temporal (C4 plants) or spatial (CAM plants) isolation 

RuBisCO will fixate all available CO2 leading to higher 13C/12C ratios in the 

tissues of those plants (Strasburger 1999). 
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In addition, excretion in animals and metamorphosis underlie isotope 

discrimination (e.g. Steele and Daniel 1978, Tibbetts et al. 2008). The background 

must be seen in enzyme chemistry during deamination and transamination (Macko 

et al. 1986, Macko et al. 1987). It should be noted that effects do not apply 

equally to body parts, tissues determined by their chemical composition. (Pekár et 

al. 2010, Bodin et al. 2007).  

 

Apart from discrimination and accumulation, the ambient pattern (habitat effect) 

also affects isotope distribution in an ecosystem. Finally, apart from trophic 

derived stable isotope patterns, the effects of symbiosis should be mentioned as 

biochemical pathways of symbionts can discriminate isotopes and co-determine 

the stable isotope signatures of their partner organisms.  

 

Both 13C/12C and 15N/14N have been used as indicators for trophic levels 

(McConnaughey and McRoy 1979, Rau et al. 1983 and DeNiro and Epstein 1981, 

Schoeninger and DeNiro 1984, respectively). However, as the increase in 15N to 
14N is more significant with trophic levels this is preferred for trophic level 

indication.  
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Chapter 2: Baseline data on Irish soil organisms: Ants 
2.1. Abstract 
 

This study provides baseline data on the distribution of ants (Hymenoptera: 

Formicidae) in the Republic of Ireland, gathered during 2007-2008, as part of a 

wider soil biota survey within the Irish biodiversity project CréBeo. Sampling 

sites were pre-selected from the National Soils Database (NSD) and represent the 

main land use types of Ireland. Of the 59 sites investigated, many of the surveyed 

habitats, but especially arable sites, mostly lacked ants. The diversity of the 

remaining sites was low. Therefore, the indicator value of ants on their own for 

land use changes was comparably low. Although ants are good indicators for 

certain abiotic parameters e.g. moisture content, such changes can be monitored 

more easily by other methods. For the first time the ant species Lasius platythorax 

was recorded in county Galway. 

 

Keywords: ants, Formicidae , soil , biodiversity, bioindicator, Ireland, land use 

 

2.2. Introduction 
 

The results for the ant species survey are presented in this Chapter. This set of 

data has been fed into the CréBeo project reports (Schmidt et al. 2011) as well as 

a manuscript including the data from the entire surveys has been submitted (Keith 

et al. submitted). 

 

2.3. Material and Methods 
 
2.3.1.  Site selection 
 

A protocol was developed for the selection of a sub-set of the 1310 sites in the 

National Soils Database (NSD) for inclusion in the soil biodiversity baseline 

survey. The protocol developed was based on a number of criteria including 

proportional inclusion of the major vegetation/land use classes, proportional 

inclusion of major Irish soil types, regional spread and suitability for statistical, 

and Geographical Information Systems (GIS) analysis. The sites selected by this 
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protocol were also to be used by the SoilC project, examining carbon stocks in 

Irish soils (EPA STRIVE project, 2006 – 2007, led by University College Cork). 

More information on this sister project of CréBeo can be found in Kiely et al. 

(2009). The land use classes used in the site selection were arable, pasture, forest 

and bog. The major Irish soil types included were taken from Gardiner and 

Radford (1980): acid brown earths, shallow brown earths, brown podzolics, grey-

brown podzolics, podzolics, gleys, lithosols and peats. The original site selection 

encompassed 15 existing land use x soil type combinations each being replicated 

over at least three sites. However, a fifth land use class was introduced to account 

for those sites whose environmental characteristics and management were 

generally between those of pasture and bog sites. Consequently, 4 x bog/peat, 2 x 

pasture/podzol, 1 x pasture/lithosol and 1 x pasture/shallow brown earth sites were 

re-classified as ‘rough grazing’, resulting in 20 land use x soil type combinations. 

The forest sites could also be further sub-divided between coniferous plantations 

and broadleaved forest (Figure 2.1, Appendix 1.1.). 

 

In total, 59 sites were sampled during the ant diversity baseline survey (Figure 

2.1) from summer 2007 to summer 2008. These included 14 x arable, 20 x 

pasture, 10 x forest (5 each of coniferous plantation and broadleaved forest), 8 x 

rough grazing and 7 x bog sites (Appendix 1.1.). The location of each site was 

determined using Global Positioning System (GPS) coordinates from the NSD 

(Fay et al., 2007a, b). At each location a 20 m x 20 m plot was centred on the GPS 

coordinates, and sampling protocols for the different groups of soil organisms 

were employed within this plot. The methods used for sampling the ant species 

are described below (2.2.1.). Data held in the NSD were utilised to examine 

relationships between soil properties, diversity and composition of the ant 

communities. Most of this data was produced by the SoilC project which had 55 

sites in common with those sampled during the soil biodiversity baseline survey; 

only sites 9 ,100 ,131 ,385 ,1044 and 1092 were not examined by the SoilC 

project. 
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Figure 2.1. Distribution of National Soils Database (NSD) sites sampled 
during the CréBeo soil biodiversity baseline survey, and their associated land 
use classes. Peatland sites are the bog sites described in the text. Two sites, 
arrowed, are mentioned in the text. A detailed list of the sites is given in the 
Appendix 1.1). From Keith et al. (2009). 

 462 

782 
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2.3.2. Sampling of soil-dwelling ants 

 

The sampling sites for soil-dwelling ants represent a subset of the Irish National 

Soil Database (see 2.3.1) and included 59 sites. The sites’ co-ordinates from the 

NSD were revisited using a Garmin GPS 60 GPS-unit. This unit claims an 

accuracy of <15 m under ideal conditions (Garmin Ltd. 2006). However, sites in 

dense conifer plantations were problematic due to weak satellite signal and are 

probably the most inaccurately determined sites included in the sampling. 

 

For the baseline survey the qualitative approach for ant sampling, in lack of a 

standard method, was seen to be best achieved by a combination of two methods 

(Agosti et al. 2000), which allow single visits. First at each site a 20-metre-line 

transect of crumb baits, representing carbohydrate baits, which found to be more 

attractive to “terrestrial” (soil dwelling) ants (Hahn and Wheeler 2002) was set up 

at one-metre intervals to attract ant species that forage. Furthermore, hand 

sampling, which may be the most efficient method (Andersen 1991) within a 100 

metre-radius of the site was included to give a more representative result for the 

national distribution of ants. This meant an active search for ants focussing on 

possible nesting sites, e.g. exposed stones, cracks in the rock, old tree trunks, 

fallen off tree branches, moss bunches, as well as grass tussocks. The time spent 

on each site was between 30 minutes, when crumb baits were checked for, and 

one hour, depending mainly on the availability of possible nesting sites. 

 

A simple pooter (aspirator) was used for collection. The ants collected were 

immediately transferred into a vial containing 70% alcohol (IMS = Industrial 

Methylated Spirit) for later identification following Seifert (2007) and 

Czechowski et al. (2002) using an Olympus SZX9 binocular microscope with 

magnification ranging from 6.3 to 57x. Voucher specimens were stored for 

reference.  
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2.4. Results 
 

2.4.1. Species found 

 

The ant fauna was sampled at 59 sites, consisting of 14 arable fields, 20 pastures, 

eight rough grazing pastures, ten forests and seven bogs. Ants were recorded from 

24 sites (41%) of these sites and no ant presence was recorded at the remaining 35 

sites (59%). In total 44 records of eight species (Myrmica scabrinodis, Myrmica 

ruginodis, Myrmica rubra, Myrmica sabuleti, Lasius flavus, Lasius niger, Lasius 

platythorax and Formica lemani) were confirmed. 

The 44 records were unevenly distributed between the eight different ant species 

(Figure 2.4). Myrmica scabrinodis was recorded most often with 14 records, 

followed by M. ruginodis, another member of the Myrmicinae, which had 13 

records. Both species together represent over 50% of all records. Formica lemani 

was the most frequently recorded member of the Formicinae. The other species 

recorded were only found occasionally. 
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Figure 2.2. The proportion of each species contributing to all 44 ant records 
in the CréBeo soil biodiversity baseline survey. 
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In figure 2.3 the 24 sites where ants were found are shown with the number of 

species. Mostly only one or two species were recorded. The site with 5 counts is 

aforementioned 462 in county Kerry. 
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Figure 2.3. The maps shows the species number found for sites with ants 
present in the CréBeo soil biodiversity baseline survey. Note: all numbers are 
represented as single digits. 
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2.4.2. Land use and ant species diversity 

 

The greatest number of ant species was recorded on pasture sites (six species) 

followed by equal numbers in both rough grazing and bogs (five species; Figure 

2.4.). The lowest total number of species was recorded across arable sites (two 

species; Figure 2.4.). 
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Figure 2.4. Total number of ant species recorded in each land use class across 
all sites. 
 

The prevalence of individual ant species was found to differ between land use 

classes (Figure 2.5). M. scabrinodis was most often recorded from bogs (five 

sites). However, it could not be found on arable sites (Figure 2.5a). M. ruginodis 

was most often found in the pastures and rough grazing land use classes (four sites 

each), with the lowest number of records for this species in forest and arable sites 

(one site each; Figure 2.5b); M. rubra was only recorded in two pasture sites and a 

forest site (Figure 2.5c); Myrmica sabuleti was only recorded from one arable site 

(Figure 2.5d); Lasius flavus was recorded in two rough grazing sites and one 

pasture and bog site each (Figure 2.5e); Lasius niger was recorded in a pasture 

and a rough grazing site (Figure 2.5f); Lasius platythorax was found only on one 

bog site (Figure 2.5g). The identification of this species was confirmed by Dr. H. 

Dahms (University of Giessen). F. lemani was found on two sites each of bog, 
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forest and rough grazing but it was not found in arable or pasture sites (Figure 

2.5h). 

 

 

 

 

 
 

Figure 2.5. a-h. The number of sites at which each ant species was recorded 
separated by land use class. 

(a) 
Myrmica scabrinodis 

(b) 
Myrmica ruginodis 

(c) 
Myrmica rubra 

  (h) 
  Formica lemani 

(d) 
Myrmica sabuleti 

(e) 
Lasius flavus 

(f) 
Lasius niger 

 (g) 
  Lasius platythorax 
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2.5. Discussion 
 

2.5.1. Diversity 

 

Despite the baseline survey having produced a number of new species records for 

other groups of soil organisms (Schmidt et al. 2011, Keith and Schmidt 2010 , 

Arroyo, unpubl. data) the results for ants represent merely common species and 

even those are not spread throughout all sites. However, on site 784, a bog site in 

Connemara, Lasius platythorax was recorded, which is the first vice county record 

for County Galway. The results, showing approximately only half of all native 

Irish species, indicate that some of the species occur either predominantly in other 

habitats or are so rare that they only survive in certain refugia, and are not able to 

recolonise suitable habitats all over Ireland. Therefore, the baseline survey 

highlights the lack of knowledge about the distribution of soil organisms in 

Ireland. It concluded that approaches other than single random sampling are 

required to establish parameters for ant conservation. There may be localised 

‘hotspots’ of ant biodiversity records, for example in national parks. There is 

clearly a need to expand and develop systematic surveys of soil biodiversity. Such 

surveys will provide baseline data for future soil monitoring, ideally as a 

component of broader soil monitoring as is conducted elsewhere (e.g. Black et al. 

2002, 2005, 2008). 

 

Even though the main land use types of Ireland (excluding dwelling and industrial 

use) were covered in this survey, only eight of the 18 ant species, native to 

Ireland, were found. A possible explanation for this is that during this study a 

relatively small number of sites were covered which represented extensive use and 

conditions suitable to the thermophilic ecological requirements of ants. Arable 

fields represent a highly dynamic habitat. Alternating tillage and compaction 

activities during harvest and/or fertilising seasons disturbs the habitat for ants. 

Low seasonal mobility and poor survival rates of establishing colonies, which are 

hampered by farming activities, are the main reasons why numbers of ant colonies 

are lower when compared to other invertebrates. However, Myrmica sabuleti, a 

relatively xerothermophilic species was found on one arable site (see Fig. 2.5.d). 

The finding of an ant on an arable site can be considered as an artefact. In this 
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particular case, the nest could only survive in a protected field margin. However, 

all ant species are more or less xerothermophilic, which means they share their 

preference for warm, sun exposed habitats with those of cash crops, such as barley 

and maize. These favourable habitats are therefore in high demand for intensive 

use. From a conservation point of view, the change in land use to arable fields 

means a total loss of ant species in some of their potential prime habitats. 

 

Even though ants were found in conifer forests, it needs to be mentioned that, in 

our study, these records were mainly obtained from features like stumps, in clear 

cut areas as well as extraction paths and margins. Although also these particular 

features characterise a land use type of a plantation, most of the area does not 

harbour any ants. This is an important fact to note as dense plantations do not 

support ant species, due to a number of factors such as over-shading and soil 

moisture. A change of practice towards more open woodland might support 

species like Myrmica ruginodis or the rare species Stenamma debile, and Formica 

lugubris (not found in this survey; it is very local in Ireland). Plantations in 

Ireland are occasionally located on wet peaty soil not suitable for arable or other 

intensive agricultural usage. Ants were present in the broadleaf forests, especially 

if they were open and did not appear to have a commercial use. In dense forests of 

both broadleaf and coniferous, the shading of the soil was the main reason why 

ants, as a more or less xerothermophilic group, were not found. 

 

Pastures were often inhabited by ants. Intensively managed sites usually had ants 

present at the edges and margins, where wood and stones or neighbouring habitats 

provided nesting places. Rough pastures were often very infrequently used and 

provided many nesting opportunities. However, the presence of moist soils 

significantly reduced the number of potential nesting species with increased 

xerophilic character. A south facing, sun exposed slope at site 462 near Inch in 

County Kerry illustrated the potential of some of the sites to act as suitable ant 

habitats, as five species were found here. 

 

Finally, bogs generally (seven of eight sites) had ants present. The bog site 784 in 

Connemara is a little used site. On this site Lasius platythorax was recorded for 

the first time, which is also the first record for County Galway. Lasius platythorax 
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occurs regularly in bogs and woodlands and can often be found nesting in or 

under organic material like wood, turf, grass and moss. This species was shown to 

be adapted to wet habitats and to be less xerothermophilic, in comparison to its 

sibling species Lasius niger, which was only found twice: once on a pasture and 

once within rough pasture. 

 

Altogether the diversity of ant species in the various land use types was relatively 

low, even taking the small number of ant species in Ireland into consideration. 

Shading and disturbance of soil (compaction, tillage) were identified as the main 

reasons for the relatively low number of sites where ants were present. On the 

sites which were more species rich, the presence of potential nesting sites can be 

considered an important criterion for ant diversity, abundance and conservation. 

For all habitat types the microtopography of the inhabited sites was seen to play a 

major role for ant presence.  

 

It is clear that there is a need for a set of reference conditions for soil biodiversity 

under different land uses. These reference conditions can then be used to judge 

whether land management has resulted in a deviation from desired status. In fact, 

data on soil nematodes communities from the pasture sites are already being used 

as a reference for comparison with those in a study of ecosystem restoration in 

mine spoil (Courtney et al. 2010). 

 

2.5.2. Indicator value  

 

2.5.2.1. Temporal variability 

 

In contrast to other organism groups, temporal variability in ant communities 

within the short sampling period was not expected. Colonies of ants can be seen 

as ‘super organisms’ that are predominately immobile (Hölldobler and Wilson 

2008). Hence, temporal patterns of changes on a short scale might not be visible, 

as for other invertebrates. However, seasonal differences in the mobility of the 

ants’ worker caste, could affect the recording methods but not the populations 

themselves. For example, colder temperatures would lead to a decreased mobility 

of foraging ant workers. As a result, long term changes depending on land use or 
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climate are detectable using ant communities (Dauber and Wolters 2005; 

Underwood and Fisher 2006). 

 

2.5.2.2. Comparing different soil organisms 

 

Earthworms had very low abundances (and hence diversity) in highly organic 

topsoil and were absent from bog sites. Hence, their value as indicators may be 

more relevant in mineral or agricultural soils (Doube and Schmidt 1997). In 

contrast, ants were generally not recorded in arable and many pasture sites, but 

had relatively greater species richness in land use classes with higher organic soils 

e.g. rough grazing and bog. Ants can act as indicators for certain habitats and 

habitat changes and have been used for this purpose in Australia (Majer 1983, 

Andersen 1997). Furthermore, certain ant species can be linked to particular 

abiotic environmental factors and ecological indicator values (Seifert 2007). 

However, in comparison to the species-rich situation in Australia (Andersen 

1997), the ant communities found in Ireland, are species-poor and using ants for 

this purpose in Ireland might not be reliable as it depends on reference to a single 

or very few species. For a broad range of abiotic environmental factors reasonable 

technical measurement tools are available. Ant species might well indicate for 

quality of soil. However if soils of higher quality are in agricultural use, their ant 

fauna might be highly reduced. For example, Lasius platythorax was recorded 

from bogs. The CréBeo subset of the NSD database contained eight bogs and only 

one (site 784) was shown to include Lasius platythorax. Statistically this cannot 

be used, because first it is only species and not communities representing a 

habitat, second the habitats chosen are (highly) heterogenic. On the other hand L. 

platythorax could indicate for moister sites contrary to its sibling species Lasius 

niger. Other ants were found to fill relatively small niches regarding moisture, 

nitrogen, soil reaction, temperature, and “plant density” (Seifert 2007) suitable for 

indication. However, those factors can easily be measured more accurately using 

the standard methods of soil science. The potential use of ant community-

succession in tracing conversion stages of arable to low-intensity pastures was 

shown by Dauber et al. (2005). A time for space-substitution investigation, basic 

to investigate the suitability of this approach to Ireland would need land use 

history information for pre-selection of the sites. However, advanced satellite 
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imaging could also provide basic data on land use conversion. These points 

suggest that ants should not be used as indicators for purposes of detecting land 

use changes and soil conditions in Ireland. However, Underwood and Fisher 

(2006) argue that monitoring ants is still useful for some purposes such as 

detecting long term ecosystem changes, requiring several years of continuous 

monitoring. 

 

2.6. Conclusions and outlook 
 

Systematic information on the organisms which live in Irish soils is limited. A 

survey was conducted of the biological diversity of 61 sites representing eight 

major soil groups and five dominant land uses in Ireland. Taxonomically diverse 

taxa were included – microorganisms, mycorrhizal fungi, nematode worms, 

earthworms, micro-arthropods, ants – and assessed by phenotypic, molecular and 

behavioural methods. The survey produced a wealth of data on the occurrence, 

abundance and diversity of these organisms. The discovery of previously 

unrecorded species, including 13 predatory nematodes, an earthworm endemic to 

southern France and (possibly) a mite species new to science, highlights the lack 

of inventory data on soil organisms in Ireland. The data generated can serve as 

baseline data for future monitoring. Repeat sampling of about 20% of the sites a 

year after initial sampling showed inter-annual variability for various organism 

groups under Irish conditions. Data from only one sub-group surveyed in this 

project, predatory nematodes, has been analysed fully and published (Keith et al. 

2009). The detailed analysis of data for other organisms groups and preparation 

for publication is likely to reveal detailed insights into the relationships of these 

organisms with soil properties, land use and other organisms. 
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Chapter 3: Conservation 
 

3.1. Abstract  
 

Ants are keystone organisms in many habitats, with a number of other organisms 

depending on their well-being. In this chapter, the Irish list of Formicidae is 

updated. A total of 80 sites were investigated, including ten different habitat types 

in the counties Clare, Galway and Limerick. A gradient of ant abundance ranged 

from highest in limestone pavements to absent from arable fields. Myrmica 

scabrinodis was the most widespread species, occurring at 40 sites. The ant 

species are placed into three groups: introduced species, commonly recorded 

species and species in need of conservation measures. The widespread species are 

Myrmica scabrinodis, M. sabuleti M. ruginodis, M. rubra, Leptothorax 

acervorum, Lasius flavus, L. niger, L. platythorax and Formica lemani. The final 

group includes M. schencki, Stenamma debile, Tetramorium caespitum, Lasius 

alienus, L. mixtus, L. umbratus, L. fuliginosus, Formica lugubris and F. aquilonia. 

The conservation status of these species is discussed. However, ant-scapes with 

widespread species such as L. flavus should also be considered for conservation, 

because, as keystone species, they support many other species. Furthermore, 

Formica lemani nests are hosts to important species of hoverfly larvae. At 

national level, the conservation of wood ants, Formica lugubris and L. fuliginosus 

is urgent. 

 

Keywords: ants, Formicidae, conservation, biodiversity, limestone pavements 

 

3.2. Introduction 
 

Previous surveys on the distribution of ant species in the Republic of Ireland were 

performed more than half a century ago. These were reviewed by Collingwood 

(1958) who included many records from a wide range of sites, but did not include 

detailed lists of species for individual sites. Since 1958 there have been many 

changes to the land use practices in Ireland and in the ant taxonomy of relevant 

European genera (e.g. Seifert 1988, Seifert 1992, DuBois 1993). Against this 

background, it was deemed necessary to provide a detailed survey of different 
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habitats in order to update the inventory list and to provide data on this important 

group of invertebrates for decision makers, similar to those of other European 

countries, in the light of the need to achieve the 2010 Biodiversity Action Targets 

(UNEP 2004, EEA 2006). The baseline data subproject (Chapter 1) only recorded 

eight ant species out of the 26 recorded for Ireland (see Table 5.1) (Donisthorpe 

1908, Stelfox 1927, Donisthorpe 1946, Collingwood 1958, DuBois 1993, 

O’Connor 2000, Alexander and Orledge 2006, Wild 2007). This represents about 

one third of the total possible fauna and less than 50% of the potentially free 

living species. Therefore, the baseline work was seen as unsuitable to assess the 

conservation parameters for ants at either national or local level. To achieve this 

on a regional level, the density of sampling sites had to increase, the travelling 

effort and cost needed to be reduced and a greater number of suitable habitat types 

had to be included. 

 

The overall focus of this research was the conservation of ants in Ireland. Its 

objective was to provide suggestions on which habitats should be given priority 

with respect to ant conservation. The research also aimed to develop a tool for 

rapid identification, or short-listing, of those sites in Ireland, that could be of 

conservation value and consequently, worth investigating. This type of data 

might, in the future, form the basis of a Red List of ant species for Ireland.  

 

According to Leather et al. (2008) the conservation of insects must address five 

concerns: 

 

1) Knowledge of the biodiversity; 

2) Understanding of species distribution in a temporal context; 

3) Suitable monitoring schemes; 

4) Identification of stressors and their effects; 

5) Examination of alternative strategies for the improvement of species 

status. 
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The five concerns of Leather et al. (2008) as addressed during this project are 

presented below: 

 

1) Leather et al. (2008) pointed out that knowing how many species exist within 

the study area and to know about their variability is essential. One factor making 

this task very difficult is that the species variability (e.g. genetic variability) is 

often not included in published data. It was an aim of this project to deliver 

information on the inventory and distribution of Irish ant species. However, their 

variability will still remain largely unclear. 

 

2) The provision of data for the understanding of the temporal distribution of ant 

species was another important aim of the study. Providing quantitative 

information on the abundances of (eu)social insects is always problematic; hence 

during this study qualitative results were gathered, mainly in the counties Clare, 

Galway and Limerick. A further aim was the collection, referencing, curation and 

careful storage of specimens to allow future studies to trace the species back to 

their site of collection and this study. Additional distribution data are certainly 

needed to provide a basis for ant conservation in Ireland. However, this study 

should provide a useful starting point and methodology for future studies.  

 

The following Table (3.1) shows a condensed commented list of Irish ant species. 
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Table 3.1. List of the 26 species of ants recorded for the island of Ireland (Irish Status: I = introduced species; N = native species; ??? = status discussed in text). 
Nomenclature and habitat preferences follow Czechowski et al. (2002). 
 

Habitat preference   
 Species 

Poland Ireland Irish Status 

PONERINAE  
Hypoponera Hypoponera punctatissima (Roger 1859) Synanthrope Synanthrope I
MYRMICINAE  
Myrmica Myrmica scabrinodis Nylander 1846 Humid habitats Widespread N
Myrmica Myrmica sabuleti Meinert 1861 Dry grasslands & forests Dry grasslands N
Myrmica Myrmica rubra (Linnaeus 1758) Ubiquist Widespread N
Myrmica Myrmica ruginodis Nylander 1846 Forests Widespread N
Myrmica Myrmica schencki Viereck 19032 Dry grasslands & forests Dry grasslands N
Monomorium Monomorium pharaonis (Linnaeus 1758) Synanthrope Synanthrope I
Leptothorax Leptothorax acervorum (Fabricius 1793) Coniferous forests Widespread N
Stenamma Stenamma debile (Förster 1850) Deciduous forests Forests N
Tetramorium Tetramorium caespitum (Linnaeus 1758) Dry habitats Coastal dry habitats N
Tetramorium Tetramorium lucayanum Wheeler 1905 Synanthrope Synanthrope I
DOLICHODERINAE  
Dolichoderus Linepithema humile (Mayr 1866) Synanthrope Synanthrope I
 Linepithema iniquum (Mayr 1870) Synanthrope Synanthrope I
FORMICINAE  
Plagiolepis Plagiolepis alluaudi Emery 1894 Synanthrope Synanthrope I
Prenolepis Prenolepis vividula (Nylander 1846) Synanthrope Synanthrope I
Lasius (s.str.) Lasius alienus (Förster 1850) Dry grasslands & forests ??? N
Lasius (s.str.) Lasius niger (Linnaeus 1758) Open habitats Widespread N
Lasius (s.str.) Lasius platythorax (Seifert 1991) Forests Widespread: humid habitats N
Cautolasius Lasius flavus (Fabricius 1782) Ubiquist Widespread N

Chthonolasius Lasius mixtus (Nylander 1846) Deciduous Forests & humid meadows Widespread: rare N 

Chthonolasius Lasius umbratus (Nylander 1846) Humid habitats ??? N 
Dendrolasius Lasius fuliginosus (Latreille 1798) Deciduous forests Dry habitats & Deciduous forests. N 
Serviformica Formica fusca Linnaeus 1758 Ubiquist Dry habitats N 
Serviformica Formica lemani Bondroit 1917 Mountain meadows Widespread N 
Formica (s.str.) Formica aquilonia Yarrow 1955 Coniferous forests Coniferous forests I 
Formica (s.str.) Formica lugubris Zetterstedt 1838 Coniferous forests Forests N 

                                                 
 
 
2 Description and type specimen were provided by Emery (1895). 
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The following ten habitat types were included in the survey:  

I. Arable fields 

II. Calcareous grasslands 

III. Urban zones 

IV. Limestone pavements 

V. Roadsides 

VI. Coastal sand dunes 

VII. Limestone scrublands 

VIII. Wetlands: fens bogs 

IX. Broadleaf woodlands 

X. Coniferous woodlands 

 

The number of habitats visited based upon limestone rock (e.g. II, IV and VII 

above), were deliberately over-represented compared to their national proportions. 

These are rare habitats at national level – and even rarer at European level – and 

deserve thorough investigation. Such habitats have also been found to provide 

refugia for different, rare species of plants, and some of these habitats already 

enjoy conservation status. 

 

3) A suitable monitoring scheme for the whole of Ireland was not developed in 

this study. Although data collected on ant distribution may well serve as a basis 

for monitoring of ants on a regional basis, such a scheme should certainly be 

implemented in a wider context of monitoring needs.  

 

4) The identification of stressors and their effects was not an original aim of this 

research. 

 

5) Some alternative research strategies are considered in the discussion which 

follows.  
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3.3. Material and methods 
 

3.3.1. Site selection 

 

After consultation with the NPWS office of County Clare and other ecologists a 

total of 80 sampling sites were included in this project. Figure 5.1, below, 

illustrates the distribution of these sites. Amongst these, 20 were in County 

Limerick, 35 in Clare, 24 in Galway and one site in Mayo. 

 

 
Figure 3.1. Locations of the 80 sampling sites in the Counties Limerick, 
Clare, Galway and Mayo. See Table 3.2 for further details. 
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Table 3.2. List and location of the 80 field sites representing 10 habitat types 
visited in the period from 2006–2009 (follows the Irish Grid Reference 
system). 
 

 Site code Irish Grid  Site code Irish Grid 
CY1 M 295 254 A1 R 407 999 Urban zones 

(CY) CY2 M 299 259 
Arable 

fields (A) A2 M 412 001 
 CY3 R 338 771  A3 M 423 076 
 CY4 R 561 547  A4 R 426 976 
 CY5 R 615 581  A5 R 765 540 

Roadsides R1 L 786 349 SC1 M 273 013 
(R) R2 M 411 036 

Limestone 
scrublands SC2 R 240 968 

 R3 R 412 780 (SC) SC3 R 329 986 
 R4 R 758 577  SC4 M 392 036 
 R5 R 763 543  SC5 R 531 432 

WB1 R 276 625 CG1 M 164 083 Broadleaf 
woodlands WB2 R 307 959 

Calcareous 
grasslands CG2 M 206 024 

(WB) WB3 R 308 949 (CG) CG3 M 360 260 
 WB4 R 328 995  CG4 M 329 039 
 WB5 R 354 866  CG5 R 391 997 
 WB6 M 379 122  CG6 R 239 939 
 WB7 R 401 492  CG7 R 262 501 
 WB8 R 449 447  CG8 R 281 482 
 WB9 R 489 621  CG9 R 302 944 
 WB10 R 730 599  CG10 R 431 546 

WC1 L 786 349 LP1 M 090 024 Coniferous 
Woodlands WC2 R 174 777 

Limestone 
pavements LP2 M 159 682 

(WC) WC3 M 760 160 (LP) LP3 M 200 097 
 WC4 R 660 959  LP4 M 260 076 
 WC5 R 236 704  LP5 M 445 136 
 WC6 R 242 963  LP6 R 281 920 
 WC7 R 349 950  LP7 R 296 507 
 WC8 R 737 566  LP8 R 311 944 
 WC9 R 758 576  LP9 R 344 956 
 WC10 R 759 573  LP10 R 380 967 

W1 L 960 360 S1 L 572 560 Wetlands: 
fens & bogs W2 L 738 386 

Coastal 
sand dunes S2 L 694 385 

(W) W3 R 296 940 (S) S3 L 858 219 
 W4 R 381 531  S4 M 098 221 
 W5 R 381 797  S5 M 139 092 
 W6 R 386 514  S6 M 185 227 
 W7 R 412 937  S7 M 252 228 
 W8 R 655 379  S8 Q 992 688 
 W9 R 712 579  S9 R 034 774 
 W10 R 758 235  S10 R 088 886 
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3.3.2. Sampling of soil dwelling ants 

 

Representative sites of each habitat were chosen and sampled for ants in the 

period from 2006–2009. The sites’ co-ordinates were obtained using a Garmin 

GPS 60 GPS-unit and checked against the interactive online tool 

www.gridreference.ie (by M. Geoghegan 2008). At each site, a 20-metre-line 

consisting of crumb baits was set up at 1-metre distances to attract various ant 

species (Agosti et al. 2000). 

 

Hand sampling in the wider area was carried out as the main method. This meant 

an active search for ants by focussing on possible nesting sites, e.g. exposed 

stones, crevices in stones and rocks, old tree trunks, fallen tree branches, moss 

bunches, as well as grass tussocks. Consequently, the time spent on individual 

sites ranged from 30 minutes to 3 hours, depending on the presence/absence of 

possible nesting sites. 

 

A simple pooter (aspirator) was used to collect the ants. The specimens were 

immediately transferred into a vial containing 70% alcohol (IMS= Industrial 

Methanol Spirit). The samples were returned to the laboratory and identified using 

an Olympus SZX9 binocular microscope with a magnification ranging from 6.3 to 

57x using the identification keys in Seifert (2007) and Czechowski et al. (2002). 

Importantly, voucher specimens were stored for future reference. The existence of 

Lasius platythorax (Seifert 1991) was confirmed by B. Seifert (for County 

Limerick) and H. Dahms (for the Counties Clare and Galway). 
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3.4. Results 
 

3.4.1. Characterising ant species rich sites 

 

The characterisation of ant rich habitats can depend on definitions. From a 

quantitative viewpoint, the number of species is shown (Figure 3.2). This is 

followed by the species found and the habitat preferences of the rarest species, 

based on observations and published records. Finally, ant rich sites containing rare 

species, both factors adding up to high conservation value, are presented (raw data 

see appendix 1.3). 

 

The numbers of ant species found at the different habitat types in this study are 

shown in Figure 3.2. Among the sites studied, arable fields (AF) were found not 

to support any ant species. This habitat was followed by broadleaf woodland 

(BW) for which a mean value of less than one species of ant (0.2±0.13) species 

per site; Figure 3.2) was found. All other investigated habitat types were found to 

include at least one species of ant: urban (CY; 1±0.00), coniferous woodland 

(CW; 1.3±0.72), roadside (RS; 1.6±0.6), wetland (WL; 2.7±0.65), calcareous 

grassland (CG; 3.2±0.36), coastal sand dunes (SD; 3.5±0.56), scrubland on 

limestone (SC; 5.2±0.20), and limestone pavements (LP) (Figure 5.2)were the 

highest mean value of ant species richness was found for limestone pavements 

(6.9±0.50 species per site; Figure 3.2). 
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Figure 3.2. Mean number of ant species recorded (± 1 S.E.) from each habitat 
type (AF= arable field, BW= broadleaf woodland, CY= urban, CW= coniferous 
woodland, RS= roadside, WL= wetland, CG= calcareous grassland, SD= coastal 
sand dunes, SC= scrubland on limestone, LP= limestone pavements) in order of 
increasing species richness. 
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Figure 3.3. Number of records across the 80 sites for each ant species found 
(*= recorded as female dealatae). 
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A total of 217 records were made and 14 ant species were recorded across the 80 

sites studied. Myrmica scabrinodis (40 sites) and Myrmica ruginodis (39 sites) 

were found on approximately half of the sites (Figure 3.3). The third most 

frequent species was the common formicid species Lasius flavus, which was 

found on 30 sites. Only single records were made for Formica fusca, Lasius 

fuliginosus (a rare temporal social parasite) and Stenamma debile. 

 

Though not recorded in this survey, Tetramorium caespitum (J. Breen pers. 

comm.) and Lasius umbratus (Barrett 1979) have both been found in County 

Galway and previous records exist for L. alienus from Counties Clare and Galway 

(Barrett 1979). Furthermore, the wood ant Formica lugubris, thought to be extinct 

in County Galway (Breen 1977), was rediscovered in this region in 2010 (J. Breen 

unpubl. data). The introduced synanthropic species (see Table 3.1) were also not 

found. 

 

3.4.2. Indicators for conservation status 

 

In general, myrmecologists consider open, southern-facing exposed sites with 

good drainage to be the best locations for ant assemblages. This study found that, 

in Ireland, this can be mainly applied to limestone rock (scrubland on limestone, 

calcareous grassland, limestone pavement) and sandy habitats (coastal sand 

dunes). A high ant species richness can be expected to include records of rare 

species. Limestone pavements were found to support the highest species numbers: 

all ten sites of this habitat type were found to contain at least four species, 

including two sites with nine species, which is representative of approximately 

half the number of all Irish native ants. The relatively rare species, Lasius mixtus, 

was recorded at two of the sites. This species is a temporary social parasite on 

Lasius flavus (Schlick-Steiner et al. 2002), which is its main host species in 

Ireland. Two single records of other rare species were made: Formica fusca was 

found in open woodland on limestone and Stenamma debile was also found 

nearby. The latter species is seen as an indicator for temperate broadleaf woodland 

but is also found in semi-natural pine forests (Seifert 2007). These findings are 

significant and it is recommended that future studies assess the interconnection of 

various habitats containing niches for ants. For example, a joint complex of 
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habitats exists in the area known as Creegaun/Magheranraheen near Lough Bunny 

in the Burren National Park (LP9, WC7; County Clare). Here the landscape is 

marked by calcareous grassland, open woodland on limestone, limestone 

pavement as well as a turlough and shrubs. Altogether, 11 species occur in the 

area, including three rare species; Stenamma debile, Lasius mixtus, and Formica 

fusca. 

 

Furthermore, the potential of sand dunes as a habitat type must be realised, 

investigated further and protected where possible. Lasius fuliginosus, found 

during this survey only in a sand dune habitat at Dog’s Bay near Roundstone (S2; 

County Galway), is not only rare in Ireland, but its life cycle is very complicated 

and not entirely understood. It is a temporary social parasite which establishes its 

colonies by taking over the colonies of Lasius umbratus, itself a very rare species 

which was not found during the survey. Lasius fuliginosus is known to support 

many species of myrmecophiles, i.e. species such as many staphilinid beetles 

(Hölldobler et al. 1981) which inhabit ant nests, though the number in Ireland is 

not known. This is thus an important species for conservation as the fitness of 

other species is directly linked to it. Other Irish ant species can also act as 

potential hosts of myrmecophiles and associated root aphids, as well as being an 

important food source for a number of species. For instance, it is interesting to 

note that Irish populations of Formica lemani, especially in the limestone region 

of the Burren, are hosts to the larvae of the hoverfly Microdon mutabilis (Diptera, 

Syrphidae) (Schönrogge et al. 2002, Schönrogge et al. 2006), a rare 

myrmecophilous species. 

 

The species on the Irish list (Table 5.1) can be classed into three groups with 

regard to conservation. The following section of the report describes these groups.  

 

1. Group 1 consists of the introduced species including global tramp species, 

species which are widely distributed with global cargo transports, and this group 

is not considered to need conservation, with the exception of Formica aquilonia. 

However, the potential of tramp species to transmit non-native diseases is seen as 

a major threat to native ant fauna. Fortunately, the species are found mainly in 

strongly anthropogenic habitats (e.g. hot houses, hospitals, stores) and are limited 
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to habitats where they can be easily recognised and destroyed. However, before 

destruction (if deemed necessary), their records should be gathered. Certain 

gateways are recommended to be checked for permanent colonies of known tramp 

species and maybe more adapted species from other biogeographic zones. Also, 

against the background of predicted global warming, monitoring would be useful 

as some “hot house-species” could, in the future, be able to colonise habitats 

previously outside their recognised limits. The introduced species Formica 

aquilonia (mentioned above) is restricted to about 40 interconnected nests at a 

single site at Annaghgarriff Woods, County Armagh (J. Breen, pers. comm.). The 

species was introduced over a hundred years ago and is obviously not a threat as it 

is very localised and “damage” to native fauna, related to this species’ presence, 

has not been noted. Because of the status of Formica aquilonia in the United 

Kingdom (UK), the situation for this introduced species is completely different. It 

is protected in Northern Ireland and is a “UK priority species”. A “UK species 

action plan” was published to promote the species and is being implemented in 

other conservation actions (UK Biodiversity Group 1999). 

 

2. Group 2 are the commonly recorded species. These include: Myrmica 

scabrinodis, M. ruginodis, M. rubra, Lasius flavus, L. niger, and Formica lemani. 

These species are either ubiquitous or adapted to common habitats in Ireland. 

They are widely distributed over Ireland and can be considered native. Also 

widely distributed but rarer are Leptothorax acervorum and Myrmica sabuleti. 

Notably, in the case of Lasius niger, changes in taxonomy (Seifert 1991, Seifert 

1992) have meant that former records are obsolete. Lasius platythorax, the 

separated sibling species, which was only recently confirmed to Ireland 

(Alexander and Orledge 2006), is recorded from wetlands and woodlands. As 

Lasius niger is adapted to urban habitats and other habitats of anthropogenic 

origin, it seems not to be threatened by land use changes. The situation for Lasius 

platythorax lacks sufficient data. However, data gathered during this study and 

others (Alexander and Orledge 2006, Lush 2007) show that the species is native 

and probably far more widespread than previously known. Lasius platythorax was 

the fourth most common ant species in the sampling area after Lasius flavus. Its 

habitat preference is towards moist soils and woodland and it should, therefore, be 

more common in Ireland than current records suggest. This species would benefit 
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from wetland protection schemes. L. platythorax was also found in limestone 

pavements. It must be assumed that this species’ preferences are shifting in the 

Atlantic climate zone, like in Fennoscandia, towards more xerothermic habitats 

(B. Seifert, pers. comm.). Hence this species requires further investigation but no 

urgent protection. 

 

Another taxonomic problem is the Formica fusca group which is represented in 

Ireland by F. lemani and F. fusca. Yarrow (1954) showed that the Irish records of 

F. fusca belonged to two species, F. fusca and F. lemani, and that most of the 

records referred, in fact, to the latter species. There are very few reliable Irish 

records of F. fusca post-1954: Collingwood (1958), NBN Database 

(http://data.nbn.org.uk). However, F. lemani certainly belongs to the group of 

commonly recorded ants in Ireland 

 

Apart from the lack of data on Lasius platythorax, which also requires further 

investigations, no additional actions are deemed necessary for the remainder of 

this group of common ant species. Nevertheless, many ant species are very 

important to other organisms. For example, the common species Lasius flavus 

supports more than twenty species of root aphids (Paul 1977). Certain species 

benefit from ants as a food source. One example is the conservation flagship 

species of bird, the Chough (Pyrrhocorax pyrrhocorax; Corvidae), of which 

Ireland’s populations are important on an international level. The species benefits 

from legal protection by various authorities. The Chough’s diet in Wales was 

found to contain ants as a major food source with Lasius flavus as the main ant 

species consumed (Roberts 1982). The example of the Chough shows that ant 

species which exhibit a wide distribution and stable populations should be 

considered for conservation purposes if their presence is necessary for the 

conservation plans for other, ant-dependent species. 

 

3. Group 3 contains those ant species that require conservation status. 

Myrmica schencki, which is localised and very rare, belongs to this group. It was 

found in areas that exhibit relatively high ant diversity. Notably, this species’ 

conservation needs to be investigated further as it is even rarer in other European 

countries, and the Irish populations may be of international importance. Stenamma 



 
 

 53

debile (which might be the only Stenamma in Ireland following the revision of the 

species Stenamma westwoodi (DuBois 1993) which showed two Irish populations 

of S. westwoodi to be S. debile) is supported by deciduous woodland habitats. The 

Irish re-afforestation programme might not have been beneficial for the species 

though, as it was mainly concerned with the re-establishment of mostly non native 

conifer plantations. The recently setup native woodland schemes do not provide 

incentives to alter these particular plantations as it aims for sites already 

containing a certain amount of native (broadleaf) tree species. This minority of 

Irish forest sites might after conversion provide habitats for ants. Also areas 

abandoned by agriculture, as it is predicted for the Burren region, which become 

re-colonised naturally by deciduous woodland, could act as suitable habitats for 

the colonies of this self-founding species. Woodland conservation plans and 

reforestation plans should consider the requirements of the species. Tetramorium 

caespitum appears to be a purely coastal species in Ireland. In the case of this 

species, it would be helpful to revisit sites were former records were made and 

other potential habitats. This may yield conclusive information on the population 

trend for the Irish populations and provide information on whether this species 

can be strengthened or needs to be protected.  

 

The Lasius species, L. alienus, L. mixtus, L. umbratus and L. fuliginosus, can be 

considered rare in the Irish context. In regard to Lasius alienus, too few records 

exist and old records must be verified. Importantly, investigators must note that 

this species is similar to its sibling species, L. paralienus and L. psammophilus, as 

historical records of L alienus were made before the revision of the species, which 

saw it being separated into three new species (Seifert 1992). The only historical 

record in the sampling area exists at Carrowmore dunes (S8). The site now 

consists of a golf course and a Special Area of Conservation (SAC), and this 

species was not found at this site. No recent records are available and the Irish 

status remains unclear. 

 

Lasius mixtus, a temporary social parasite on Lasius flavus, was recorded at the 

prime sites of this host. The survival of L. mixtus can be expected where long term 

colonies of Lasius flavus persist. Therefore, a qualitative assessment of sites with 

Lasius flavus is needed before conservation recommendations can be stated 
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conclusively. In the meantime, it is recommended that all sites with Lasius mixtus 

be protected. L. umbratus was recorded locally and not in recent times and is also 

a temporary social parasite. However, its known hosts, L. niger and L. platythorax 

(Dekonkick et al. 2004, Seifert 2006) when considered together, are widely 

common in Ireland. Older records of this species might refer to Lasius mixtus or 

vice versa. The status can only be found by revisiting the few sites from which the 

former records derive and checking for misidentifications. This is important, as 

this species is assumed to be rare and in need of protection status in Ireland. 

 

Lasius fuliginosus was recorded very locally for many counties in the southern 

part of Ireland (Barrett 1979). The species seems to have isolated populations with 

large distances between the records. In addition to the insular distribution, the 

effect of hyperparasitism makes the species dependent on the presence of other 

ant species and therefore vulnerable. Successful colony founding of this species 

depends mainly on host species of the subgenus Chtonolasius (in Ireland: L. 

mixtus and L. umbratus, which are rarely recorded). 

 

Despite the lack of reliable data on F. fusca, the few confirmed records in recent 

time restricted to the South of Ireland suggest that it needs to be considered as 

rare. Notably, further research could show that it is more common in other parts of 

Ireland as this species is widespread and common elsewhere in northern Europe.  

 

As for Formica lugubris, a decline in population was noted more than 50 years 

ago and proven more recently (Collingwood 1958, Breen 1977, Mäki-Petäys and 

Breen 2007). A genetic difference to other European populations was shown and 

this is the only wood ant species native to the Republic of Ireland. It is listed by 

the IUCN (category: lower risk). The species suffers from the lack of natural 

habitats which are open woodland sites. Furthermore, warmer winters have been 

proposed to effect the populations negatively (Collingwood 1958). The two 

isolated populations in Killarney (County Kerry) and County Tipperary suffer 

from inbreeding and associated depression. In the case of the rare wood ant F. 

lugubris, knowledge on the genetic biodiversity and distribution in recent times 

and past times is known to a much better extent compared to other rare species. 

The species is well monitored, stressors have been identified and their effects are 
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known. Consequently, and according to other studies (Leather 2008), the 

examination of alternative strategies for improving the status of this population 

and their trend should be undertaken. Given the sufficient amount of data on this 

species and its alarming decline, the development of a conservation action plan 

should be given the greatest priority: F. lugubris should become the first priority 

ant species for conservation in Ireland and its habitats should be given legal 

protection as soon as possible. A recent proposal by J. Breen to the NPWS, in 

2010, for F. lugubris to be given conservation status in Ireland illustrates that 

efforts are in progress to protect this important species. 

 

3.5. Conclusions and outlook 
 

This section presented the results of an up-to-date survey on ants for Ireland, the 

first such survey in more than 50 years. Since the study sites are traceable, and a 

collection of voucher specimens is provided, the survey is valuable for future 

research and re-surveying/monitoring in years to come. Therefore, it not only 

provides information on current ant biodiversity in Irish habitats, but also provides 

a baseline for future studies of temporal changes in species distribution, if regular 

monitoring of habitats is undertaken. 

 

The set of sampling sites can be used for future monitoring in the three counties 

included in the present study. However, it can not be considered representative for 

the whole of Ireland. Apart from the obvious geographical restriction of the sites 

the absence of at least two native species at the sites suggests that a nationwide 

extension of the survey should include those species if it is to be used for national 

monitoring. The habitats included, and the methodologies adopted, can act as a 

guideline for setting up surveys in other Irish counties. However, not all 

categories of prime habitats for conservation are available in the other counties to 

the same extent (e.g. limestone pavement or coastal sand dunes). 

 

Although stressors and their effects on the ant fauna were not investigated in this 

project, their identification is crucial for dealing with invertebrate conservation. It 

is recommended that information on stressors should be collated, perhaps 

beginning with the endangered wood ant F. lugubris, to provide a verified basis 
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for conservation plans. Many of the grassland species suffer from reduced 

numbers of macroherbivores, leading to an over-shading of their colonies by plant 

growth. This leads to their inability to ensure suitable temperatures to their early 

life stages and a decline of the population follows up to extinction. Therefore, all 

ant species generally profit from grazing. 

 

As an alternative to the conservation of ant rich habitats or particular sites with 

certain rare ant species, the conservation of fauna in a wider sense must be 

considered. Common species of ants acting as hosts might provide stepping stones 

and suitable expansion paths for other species which are locally common. This 

does not only apply to ants but also to myrmecophiles, which are supported or 

entirely depend on ant microhabitats. Also, ants acting as a food source of 

threatened species like the Chough (Pyrrhocorax pyrrhocorax) should find 

attention in conservation planning focussing on other species, e.g. the Chough. 

Combining the needs of different target biota will help to identify hot spots of ant-

related diversity and key populations of ants. 

 

Based on these conclusions, the following recommendations are made: 

  

1) To set up a nationwide recording scheme to provide data, currently 

lacking on many Irish ant species. 

2) To set up a nationwide monitoring scheme including the major 

habitat types used in this study. 

3) To assure and extend the guaranteed protection of limestone 

pavements as prime habitats for species richness of ants, and many other 

species.  

4) To compile knowledge on localities where ant species are known to 

support populations of rare species such as the Chough or myrmecophiles, 

e.g. sites with Formica lemani and Microdon mutabilis (Diptera; Syrphidae) 

for an integrated approach to conservation. 
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5) To rapidly develop species action plans for the conservation of 

species which are rare and vulnerable (especially F. lugubris, L. fuliginosus) 

and their habitats. 

 

6) To include the ant conservation in farming schemes who shall 

support grazing in and adjacent to key habitats of ant conservation.  
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Chapter 4: Do ants alter earthworm community structure 
and soil functioning in grassland ecosystems?  
 

4.1. Abstract 
 

Earthworms and ants both are ecosystem engineers and considered keystone 

organisms. In this study, the groups were co-inhabiting in three calcareous 

grasslands in the west of Ireland. The effect of the longterm presence of the 

Yellow Meadow Ant (Lasius flavus L.) on the earthworm community structure as 

well as on soil parameters, were investigated. Earthworms and soil were sampled 

at 0, 1, and 5 meter distance from L. flavus ant mounds. It was shown that ants 

alter soil parameters which predict earthworm distribution in the soil. However, 

the data did not provide strong evidence for any association between these two 

keystone animal groups in the chosen model. This suggests that ants might not 

influence the earthworm fauna in their main habitats, which would mean that 

functions of ants (here L. flavus) and of earthworms in the same area are provided 

independently, which are not redundant. However, the comparison with other 

studies showed an altered earthworm community structure on the sites 

investigated. 

 

Keywords: Lasius flavus, ecosystem engineering, Formicidae, ants, earthworms 

 

4.2. Introduction  
 

Keystone species of several ecosystems have been described over the years since 

Paine (1969) (e.g. Krebs 1985). It is generally agreed that invertebrate soil 

engineers respectively ecosystem engineers (sensu Jones et al. 1994, Jouquet el al. 

2006) like ants, termites and earthworms fall into this category. Although it is 

known that they commonly occur together in ecosystems, there have been very 

few observations and investigations on the interactions between them, especially 

regarding ants and earthworms (Laakso and Setälä 1997, Gaume et al. 2006).  

However, both groups were linked to various other taxa, including other keystone 

organisms, which showed that ants and earthworms have partly 

antagonistic/differing effects on other taxa. So far, research linking ants and 
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earthworms has only focussed on the micro-ecosystem ant-mound comparing it to 

the surrounding (woodland-) ecosystem (Laakso and Setälä 1997). Given that 

grasslands are key ecosystems providing essential services to humanity 

(Constanza et al. 1997), and are habitats to ant and earthworm species, it seems 

worthwhile to investigate these habitats for potential inter-effects. 

 

The Yellow Meadow Ant (Lasius flavus) is one of Europe’s widespread and most 

common soil/ecosystem engineers. In optimum habitats its mounds can cover up 

to 17.7% of a grassland habitat. Soon after nest founding, its mounds can become 

hills of prominent character in a grassland habitat. Growing with age of ant 

inhabitation to a certain stage makes it easy to identify long-term-presence and 

therefore long-term-effect of the species in a grassland habitat by searching for 

“ant-scapes” (Waloff and Blackith 1962). Furthermore its effects on other taxa are 

already investigated to a certain extent (e.g. Blomqvist et al. 2000, Dauber et al. 

2001). This study on ant-earthworm interaction may therefore add value to this 

context. 

 

Earthworms are a virtual group consisting of different taxa. Also being 

soil/ecosystem engineers, it was found that certain species appear to have different 

effects on soil parameters than ants do. However, both ants and earthworms 

contribute to increased heterogeneity. As it has been suggested that some species 

must have a repellant (Laakso and Setälä 1997) it seems likely that they can 

coexist (sympatric) with ants. The status as keystone organism probably must be 

accessed for each species or functional group in each habitat separately.  

Soil biodiversity and soil functioning are areas of intensive scientific research and 

debate. For the understanding of functions on an integrated level in situ 

investigations seem necessary. 
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4.3. Material and Methods 
 

4.3.1. Site selection 

 

Three sites were selected, all situated in north County Limerick, within a 15 km 

radius west of Limerick along the Shannon estuary. The sites are exposed to 

extended maritime influences caused by the estuary from the north. The region 

receives an average annual precipitation of 927 mm and has an annual mean daily 

air temperature of 10.1°C according to data of the closest synoptic meteorological 

station at Shannon Airport (data derived from records made between 1961-1990, 

Met Eireann 2011). The area receives an average of 1300-1350 hours of bright 

sunshine per year (data derived from records made between 1961-1990, Met 

Eireann 2011). The underlying geology is Carboniferous limestone; principally 

massive unbedded lime-mudstone of the Waulsortian series (Whitow, 1974; 

Sleeman and Pracht, 1999). The limestone bedrock is very close to the surface 

across the sites and occasionally exposed to the surface. However, most of the 

bedrock at the sites is covered by a thin layer of calcareous soil. The site in 

Ardineer/Foynes contains patches of shale (Fig. 4.1. number 3). 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4.1. Location of the sampling sites in County Limerick. 
 

Therefore, the three grassland sites can be considered to be calcareous grasslands. 

The land is used for cattle grazing. The site at Shanpallas/Pallaskenry (Fig. 4.1 

number 1) is an extensively used grassland and part of a complex of other fields. 

1

2
3



 
 

 64

The western sites at Stokesfield/Barrigone) and Ardineer/Foynes (Fig. 4.1 

numbers 2 and 3 respectively) are winter pastures for cattle. All of the sites had 

numerous prominent ant hills of Lasius flavus.  

 

4.3.2. Sampling design for earthworms and soil 

 

In April and May 2009 at each of the three sites, 10 nests were identified, and 

three soil samples (25 cm x 25 cm x 10 cm) were collected at three distances from 

the ant hill of Lasius flavus, i.e. at 0 m (immediately adjacent to an ant hill), 1 m 

and 5 m distances from the mound adding up to 90 samples in total (Fig. 4.2). 

These distances were also kept from any other nearby mounds in the field. This 

sampling regime in sampling from mounds located on the outer belt of the ant 

mound aggregation in the field and consequently, edge-effects may be associated 

with the results.  

 

 
Figure 4.2. Schematic diagram showing the locations of sampling points 
adjacent to a mound nest of L. flavus. 
 

4.3.3. Earthworms and soil analyses 

 

The earthworms and cocoons were extracted from the soil samples by hand 

sorting. They were then weighed (fresh weight) and preserved in 4% 

formaldehyde and identified using a stereomicroscope (magnification 20 x) 

following Sims and Gerard (1999). The soil samples were taken to the laboratory 
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for processing. Soil water content was measured by air-drying and soil organic 

matter was measured gravimetrically using the combustion method (550ºC, 5h). 

Soil carbon and nitrogen were measured via elemental analysis at Dundalk 

Institute of Technology. The following standard soil determinations were carried 

out by the National Soils Laboratory, Teagasc, Johnstown Castle, Co. Wexford: 

cobalt, copper, potassium, lime requirement, magnesium, manganese, 

phosphorous, pH and zinc.  

 

4.4. Results  
 

The sampled material consisted of 320 g of earthworm biomass, which is 

equivalent to 56.7 g m–2.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3. Freshweight of all earthworms collected from the three sampling 
sites in gram.  
 

The freshweights of the earthworms sampled at site 2 in Stokesfield/Borrigone 

were the highest at 121.7 g, which is about 20% higher than each of the other sites 

with 98.2 g (Site 1) and 98.9 g (Site 3), respectively. 

A total of 2459 earthworm individuals were collected and sorted as follows: 

juvenile, juvenile Lumbricus species, cocoons, identified individuals (Figure 4.4).  
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Figure 4.4. Proportion of the earthworm life stages at the study sites (note 
proportion of identified individuals presented in figure. 4.5) 
 

The majority of earthworms collected were juveniles (1557) and were dominated 

by individuals which did not belong to the genus Lumbricus (1433). On the sites 

124 juvenile Lumbricus were found. The second most commonly collected life 

stage was cocoons (505). Identified individuals, which consisted of adult and sub-

adult earthworms, were the smallest group sorted in (395).  

The 395 adults were identified to species level and represented ten species.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5. Proportion of earthworm species at the study sites. The species 
names are abbreviated to the first three letters of the genus and species 
names (full names in the text below). 
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The majority of the identified earthworms belonged to three species: 

Allolobophora chlorotica (37%), Aporrectodea rosea (26%) and Aporrectodea 

caliginosa (24%). The other species represented were Aporrectodea longa, 

Murchieona minuscula, Octolasion cyaneum, Satchellius mammalis, Lumbricus 

rubellus, Lumbricus castaneus and Lumbricus festivus. The species identified 

were assigned to functional groups after Bouché (1977) Table 4.1): 

 

Table 4.1. Species identified and their functional group (Bouché 1977)  
 

Species Functional group 

Allolobophora chlorotica (Savigny, 1826) Endogaeic 

Aporrectodea caliginosa (Savigny, 1826) Endogaeic 

Aporrectodea longa (Ude, 1885) Anoecic 

Aporrectodea rosea (Savigny, 1826) Endogaeic 

Lumbricus rubellus Hoffmeister, 1843 Epigaeic 

Lumbricus festivus (Savigny, 1826) Epigaeic 

Lumbricus castaneus (Savigny, 1826) Epigaeic 

Murchieona minuscula (Rosa, 1905) Endogaeic 

Octolasion cyaneum (Savigny, 1826) Endogaeic 

Satchellius mammalis (Savigny, 1826) Epigaeic 
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The proportion of species arising from the identified earthworms for each site and 

altogether is given in Table 4.2. The Simpson and Shannon biodiversity indices 

were calculated following Magurran (1988). 

 
Table 4.2. Numbers of individuals for each species, number of species and 
total number of identified earthworms from the three sampling sites. 
 
Identified Earthworms pasture sites  sum 

Species 1 2 3 1+2+3 

Aporrectodea caliginosa 31 42 22 95 

Aporrectodea rosea 24 38 42 104 

Allolobophora chlorotica 43 82 23 148 

Aporrectodea longa 12 3 1 16 

Murchieona minuscula 0 0 3 3 

Octolasion cyaneum 1 0 3 4 

Satchellius mammalis 7 2 1 10 

Lumbricus rubellus 2 3 3 8 

Lumbricus castaneus 4 0 0 4 

Lumbricus festivus 3 0 0 3 

Total number of  

individuals (N) 127 170 98 395 

Species number (S) 9 6 8 10 

Simpson diversity index 0.22 0.34 0.29 0.27 

Shannon diversity index  1.71 1.23 1.45 1.53 

Evenness  0.78 0.68 0.70 0.66 
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The data was analysed using ANOVA and showed no significant effects of ant 

nests on the earthworm community and the soil parameters in the pasture near the 

nests. However, pH correlated negatively (RPearson=-0.360, pBenjamini-Hochberg<0.05) 

with the distance from the ant nests and consequently the depending lime 

requirement correlated positively (RPearson=0.347, pBenjamini-Hochberg<0.05) with the 

distance from the ant mounds after applying a Benjamini-Hochberg (1995) 

correction for multiple testing (Table 4.3). 

 
 
Table 4.3. Significant Pearson-correlations between abiotic soils parameters 
and the distance from the ant mounds/distance sampling design. (*: p<0.05) 
 

 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

abiotic soil parameter RPearson pBenjamini-Hochberg 

pH -0.360 * 

Lime requirement 0.347 * 
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Figure 4.6. Changes in pH (○) and lime requirement (+) in relation to the 
distance from ant mounds. 
 

Figure 4.6 shows the relation between the distance from the ant mounds and the 

pH as well as the lime requirement. The pH decrease with increasing distance 

from the ant nests, whilst the lime requirement increases. 
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A Pearson correlation between these two abiotic soil factors (pH and lime 

requirement) and the earthworm fauna (biotic factors) showed that endogaeic 

species (RPearson=0.339, pBenjamini-Hochberg<0.05) and their main representative 

Allolobophora chlorotica (RPearson=0.457, pBenjamini-Hochberg<0.001) correlated 

positively with increasing pH and negatively with decreasing lime requirement 

(endogaeic species: RPearson=-0.336, pBenjamini-Hochberg<0.05, Allolobophora 

chlorotica: RPearson=-0.468, pBenjamini-Hochberg<0.001) (Table 4.4). 

 

Table 4.4. Significant Pearson-correlations between abiotic soils parameters 
and the earthworm fauna. (*: p<0.05, ***:p<0.001) 

 

abiotic soil parameter 
lime requirement pH earthworm 

fauna 
RPearson 

pBenjamini- 

Hochberg 
RPearson 

pBenjamini- 

Hochberg 
 

endogaeic species 
 

-0.336 * 0.339 * 

Allolobophora 
chlorotica 

-0.468 *** 0.457 *** 
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Lime Requirement in kg/ha

 
Figure 4.7. Numbers of Allolobophora chlorotica (○) and endogaeic 
earthworms (+) in relation to lime requirement. 
 

Figure 4.7 shows the relation between lime-requirement and the numbers of 

endogaeic earthworm species as well as their main representative Allolobophora 

chlorotica. There was a decrease in the numbers of Allolobophora chlorotica and 

of endogaeic earthworms, considered as a whole, with increasing lime 

requirement. 
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Figure 4.8. Numbers of Allolobophora chlorotica (○) and endogaeic 
earthworms (+) in relation to pH. 
 

Figure 4.8 shows the relation between pH and the numbers of endogaeic 

earthworm species as well as their main representative Allolobophora chlorotica 

showed an increase in numbers of Allolobophora chlorotica and endogaeic 

species with rising pH values. 
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4.5. Discussion 
 

The average biomass for all sites (56.7 g/m2) can be seen as typical for farmed 

habitats of the British Isles. This applies for arable fields as well as for pastures 

(Curry et al. 1995, Reynoldson 1955, Reynoldson et al. 1955). However, farmed 

habitats with significant fertilising show earthworm biomasses above the here 

presented (Curry et al. 2008). The majority of individuals collected in April and 

May was juvenile, which might have been a temporal effect of the sampling.  

 

Allolobophora chlorotica was found to be the most abundant species as it was 

shown for Irish arable fields (Curry et al. 1995). The second most commonly 

collected species was Aporrectodea rosea, whereas it was Aporrectodea 

caliginosa in Curry et al. (1995). In Irish pasture soils, Curry et al (2008) found 

these two species to be swapped regarding their dominance levels: Aporrectodea 

caliginosa was most abundant followed by Allolobophora chlorotica. Therefore, 

the results found in this study are unexpected. The conversion of a short term used 

arable field back to a pasture has been seen to favour Aporrectodea rosea (Evans 

and Guild 1948), which was the second most abundant species in this past study. 

Edwards and Lofty (1977) claim that after the conversion of arable fields to 

pastures the usually dominant species Allolobophora chlorotica will remain for 

several years as such and subsequently be replaced by more common pasture 

species. In this study, despite the high abundances of Aporrectodea caliginosa 

and A. rosea, the species Allolobophora chlorotica was still the most dominant. 

The presence of old ant mounds of Lasius flavus at these sites, suggests that their 

use as pasture must be practice for a long time. Although Aporrectodea caliginosa 

and A. rosea show high dominances and do neither replace nor reach the 

abundances of Allolobophora chlorotica, which does not confirm the observations 

of Edwards (1977).  

 

A possible reason for this result might be the alteration of various soil conditions 

in the field or, possibly, patches in the field. The species Allolobophora chlorotica 

might profit from high calcium (lower lime requirement) and higher pH in patches 

in the pasture soil influenced by ant activity. Laakso (1999) claims that there was 

evidence of species-specific differences in the earthworm-wood ant interaction, 
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deriving from the different ability of earthworm defence against ant predators 

leading to differing densities of two epigaeic species in wood ant nest mounds. A 

similar effect may apply for interactions of the Yellow Meadow Ant and 

endogaeic earthworm species. If Allolobophora chlorotica benefited by ant 

presence more than other species, the negative effects caused by the land use type 

pasture would be compensated. A more efficient anti-predation mechanism 

regarding ants, as found for Dendrobaena octaedra and Dendrodrilus rubidus 

(Laakso and Setälä 1997), might bring a secondary advantage: L. flavus mounds 

were found to be hot spots of plant nutrients in other studies (e.g. Dauber and 

Wolters 2000), showing higher levels of nitrogen, phosphorous and SOM than the 

surrounding soil. It is likely that these and other favourable conditions provided 

by ants (likely driven by higher temperatures and moistures), which were shown 

to increase microbial activity on the mound (Dauber and Wolters 2000, Dauber et 

al. 2001) should have positive effects on microbi-detritivorous earthworms, as 

found for nests of wood ants (Laakso and Setälä 1998). This might also apply to 

the close association resembling mutualism between tree dwelling ants and 

megascolecid earthworms in the domatia (chambers resembling plant galls) of 

mymecophytic trees from tropical southern India reported by Gaume et al. (2006). 

This arboreal earthworm species shows a rather untypical ant dependent ecology 

and cannot be classified easily into the system of earthworm functional ecological 

groups (sensu Bouché 1977). 

 

However, the presence of ants, or the proximity to the nests, does not appear to 

alter either earthworm numbers or species diversity in this study although it was 

found that that pH and lime requirement change gradually with increase in 

distance from the nest. These abiotic factors were also found to influence the 

endogaeic earthworms. Of the species found in the present study, Satchell (1955) 

considered Aporrectodea caliginosa, A. rosea, A. longa and Allolobophora 

chlorotica to be acidic intolerant. This suggests that those species would be more 

likely found in the ant mounds, which showed higher pH and lower lime 

requirement. Since higher pH and lower lime requirement resulted in increased 

numbers of the endogaeic earthworms and Allolobophora chlorotica in particular, 

and these abiotic factors were related to distance from the nest, it seems likely that 

some relationship exists between the distance from the nest and earthworm 
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abundance. However, a direct link between distance from the nest and any 

earthworm variable was not demonstrated statistically. 

 

Considering the finding of a true myrmecophilous earthworm dwelling only in ant 

mounds (Gaume et al. 2006), further research including the actual hill nests of 

grassland-ants might clarify whether some earthworms became ant mound 

specialists in grassland. Investigations on earthworm communities in calcareous 

grasslands without ant mounds might also show whether the results shown for 

sites with long term ant presence are different. 

 

4.6. Conclusion and outlook 
 

For the first time it was shown that ants may influence earthworm community 

structures in old limestone grassland. The presence of the Yellow Meadow Ant L. 

flavus seems to make the earthworm species Allolobophora chlorotica capable of 

dominating the earthworm community in a habitat, where it is not expected to do 

so. Further research might find out about the mechanism leading to this effect. 

Also in this special case the ant can be seen as a keystone species affecting the 

performance of another species, Allolobophora chlorotica, also considered to be 

an ecological keystone. This would have improved the availability of functions 

provided by Allolobophora chlorotica. Further research on these particular natural 

arrangements is required to ellucidate general interactions of functional groups in 

soil. However, it also seems worthwhile to provide more research on earthworm 

community structures on pastures on calcareous grassland and arable fields on 

limestone bedrock in general. 
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Chapter 5: Trophic relationships of ant species 
(Formicidae) in an Irish limestone pavement  
 

5.1. Abstract 
 

Stable isotopes are widely accepted to be a strong tool for disentangling trophic 

relationships in various ecosystems. This study provides information on the 

trophic relations of four sympatric species, Myrmica sabuleti, Formica lemani, 

Lasius flavus and L. platythorax, from an isolated limestone pavement in the West 

of Ireland derived from natural abundances of 13C and 15N determined using EA-

IRMS. Differences in 13C and 15N levels were found between the species at every 

life stage, 13C levels differ between the life stages of a species and between 

workers sampled at different occasions during a season. The highest 15N levels 

were found for L. flavus, suggesting that its large involvement in the belowground 

food web, determines the 15N enhancement, rather than its trophic level. 

Interestingly 15N levels of workers ants did not change during the season. A 

methodical proposal to include the abdomen in determinations is made for the 

comparison of life stages. 

 

Keywords: Stable isotopes, limestone pavement, Formicidae, temporal, life 

stages, trophic relationship 

 

5.2. Introduction 
 

Grasslands are key ecosystems providing essential services for carbon storage, 

food production, biodiversity and recreation (Costanza et al. 1997). Limestone 

pavements are rare extraordinary grassland habitats in karst areas which are 

protected Europe-wide as priority habitats within the Natura 2000 network, but 

need deeper understanding to allow better management for conservation purposes. 

On the European level this habitat type is relatively common in Ireland and 

includes a list of threatened organisms. 

Stable isotope analysis is widely accepted to be a strong tool for disentangling the 

trophic relationships of animals in various ecosystems (Hood-Nowotny and Knols 

2007, Tiunov 2007 and del Rio et al. 2009) and has also been used in 
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investigations on ant species. To date, the majority of the studies involving stable 

isotope analysis of ant species have been based mostly in tropical boreal 

ecosystems (Davidson et al. 2003, Blüthgen et al. 2003, Tillberg et al. 2006 and 

Trimble and Sagers 2004). Only a few studies have focused on temperate species 

(e.g. Fiedler et al. 2007). The method allows conclusions on the feeding strategies 

of the different ant species, including those of cryptic species, which are difficult 

to identify in the field, from in situ investigations. Furthermore the method allows 

some judgement as to what happens in subterranean colonies, without causing 

their destruction and thus changing target species’ behaviour. This study 

concentrates on the comparison of C:N ratios, 13C and 15N levels between different 

life stages of M. sabuleti, F. lemani, L. flavus and L. platythorax respectively, 

between workers of the four species to each other as well as temporal 

comparisons within workers of the species during the active season. 

 

5.3. Materials and Methods 
 

5.3.1. Site selection 

 

The specimens were collected from Barrigone, County Limerick (N 53°35'12" W 

9°02'16"). This site recently became a Special Area of Conservation (SAC). For 

the study, a 100m x 100m patch of limestone pavement was chosen. 

 

With 10 species of ants verified at the SAC Barrigone, representing more than 

50% of the native Irish ant species, it can be called a prime site for Irish ant 

biodiversity. The following species have previously been identified at the SAC 

Barrigone: Myrmica ruginodis, M. sabuleti, M. scabrinodis, M. schencki, 

Leptothorax acervorum, Formica lemani, Lasius flavus, L. mixtus and L. niger 

(O'Grady, 2008; O'Grady et al., 2010; Breen et al., 2004, Breen and O’Brien 

1995). The presence of the latter two species was not confirmed during this 

resurvey of the site. However, L. niger at Barrigone is now correctly assigned to 

L. platythorax (identification by B. Seifert) and for comparisons it is assumed that 

all past findings of L. niger (including O’Grady et al. 2010) refer to L. 

platythorax. The ant species L. mixtus is a rarely found social parasite of L. flavus 

that is best observed during swarming events. The species might still exist in the 
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area, which could be considered as one of the Irish strongholds for its main host L. 

flavus. 

 

5.3.2. Ant identification and preparation  

 

These investigations focused on the very common myrmicine M. sabuleti, as well 

as the formicines F. lemani, L. flavus and the less common, and little investigated 

L. platythorax. The worker ants were identified using the key developed by Seifert 

(2007), which covers all native middle and north European species, and an 

Olympus SZX9 binocular microscope with magnifications from 6.3 x to 57 x. A 

minimum of ten workers and ten larvae were collected from each of ten nests to 

represent each of the four species. The worker samples were collected on three 

sampling occasions; in the first week of May, July and September 2007. Larvae, 

pupae and alatae (winged sexual ants) were collected when available. Samples of 

the other organisms were taken on each occasion (Appendix 1.4.) and identified 

using standard keys. The samples were frozen (–18°C) prior to freeze-drying, as 

the alternative of preserving in ethanol is known to alter the δ13C values, and 

hence the C:N ratios in ant samples (Tillberg et al. 2006). Prior to analysis the 

petioles and gasters of all the workers and alatae were removed from the body. 

This eliminated the possible effect of undigested food in the ants’ crops during 

stable isotope analysis. The larvae and pupae samples were processed whole 

(Blüthgen et al. 2003). 

 

5.3.3. Freeze drying and stable isotope analysis 

 

The plastic vials containing the ants were removed from the freezer and stored 

temporarily in ice to avoid thawing of the specimens. The lid of each vial was 

replaced by a perforated one and thereafter the vial was immediately transferred 

into a freeze drier (VirTis Advantage), dried over a 48-hour period at –40°C and 

then freeze dried at a condenser temperature of –70°C and pressures of less than 

200 mT. After freeze drying, each of the containers was covered with normal lids 

to avoid prolonged contact with air. The samples were then weighed into tin 

capsules using an electric balance (Ohaus Analytical Plus) and a portion of the 

sample (4 mg ± 0.1 mg) was collected for analysis by Elemental Analysis–Isotope 
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Ratio Mass Spectrometry (EA-IRMS) at Iso-Analytical Ltd. (Cheshire, UK). The 

encapsulated ant samples were analysed for carbon (C) and nitrogen (N) and the 

stable isotope ratios calculated. The isotopic composition is expressed using the 

‘delta per mil’ (‰) notation: the difference in parts per thousand between the 

sample isotope ratio from the isotope ratio of a standard. It was calculated with 

the following equation:  

 

Equation 1:  X (‰) = (Rsample /Rstandard –1)*(1000‰),  

where X = 13C or 15N and R = 13C /12C or 15N/14N 

respectively. 

 

Rstandard is the ratio of Pee Dee Belemnite for 13C (δ13CV-PDB), and that of 

atmospheric N2 for 15N (δ15Nair). The reference material used during δ13C and 

δ15N analysis as quality control check samples were powdered bovine liver 

(δ15Nair= 7.64‰, δ13CV-PDB= −21.60‰ and δ15Nair= 7.62‰, δ13CV-PDB= 

−21.62‰, respectively) and wheat flour (δ15Nair= 2.43‰, δ13CV-PDB= 

−26.41‰). The reference standards included with the samples were sucrose 

(δ13CV-PDB= −10.45‰ and δ13CV-PDB= −10.43‰ respectively), beet sugar 

(δ13CV-PDB= −26.10‰δ and 13CV-PDB= −26.03‰ respectively), ammonium 

sulphate IA-R045 (δ15Nair= -4.61 and δ15Nair= -4.72 respectively) and 

ammonium sulphate IAEA-N-2 (δ15Nair= 20.47 and δ15Nair= 20.42 respectively). 

The lowest analytical precision for these standards (S.D.) was 0.13‰ for C (n= 

19) and 0.17‰ for N (n= 19). 

 

5.3.4. Statistical analyses 

 

Using SPSS (version 16; SPSS Inc. 2008), relationships between C:N ratios, δ13C 

and δ15N were investigated for ant larvae and workers using correlation analyses. 

Mean isotope values for larvae and workers were compared between species using 

one-way ANOVA combined with the Tukey post-hoc tests (p<0.05). Plots were 

produced using GraphPad Prism (version 4.03, Graph Pad Software Inc. 2005). 

 

5.4. Results 
 



 
 

 84

The results of the stable isotopes’ analysis performed on the ant species collected 

from the limestone pavement at Barrigone SAC, County Limerick, are presented 

in this section. 

 

5.4.1. Comparison of ants to other organisms 

 

The results for the comparisons of δ13C and δ15N- levels between ants and other 

organisms found at the site in are presented in Figure 5.1. Results (means) are 

included for ant workers (compare Tables 5 a, b and f) and other different 

organisms sampled during the active season of 2007 are presented in this section. 

δ13C levels among the organisms vary, however, with plants having low or 

medium levels. Levels of δ15N show plants at the low levels and animals spread 

over the full spectrum of results not always according to the trophic levels one 

might assume from their known biology assumed trophic levels. The only fungi 

sample had a high δ15N level.  
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Figure 5.1: Mean values of the stable isotope ratios of δ13C and δ15N of five 
ant species (workers) and other organisms (see legend) during the growing 
season 2007 (all standard errors see appendix 1.4.). 
 

In Figure 5.1 the ant species group in the centre of all sampled organisms 

regarding both their δ13C levels and δ15N levels. Also the other hymenopterans 
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group close to the ants, notably with higher δ15N level(s), especially the sample of 

Eumenidae (δ15N= 7.34‰, n=1). The highest δ15N value shows the lepidopteran 

Aglais (δ15N= 14.77‰, n=1) followed by the fungus sample of Agaricomycetidae 

(δ15N= 11.97‰, n=1). The lowest δ15N levels have plants, with a minimum for 

Juniper communis (δ15N= -5.19±0.52‰). Some invertebrates have plant-like 

δ15N-levels, lower than ants. These are the crustacean Oniscus (δ15N=                     

-0.86±0.61‰), the diplopod Glomeris (δ15N= -3.03±0.22‰), the gastropod 

Helicella (δ15N= -4.26±0.14‰) and the larva of the beetle Coccinella (δ15N=        

-2.45‰, n=1). Regarding δ13C the semi-parasitic plant Euphrasia has the lowest 

levels (δ13C= -31.15‰, n=1) and the gastropod Helicella has the highest levels 

(δ13C= -17.64±0.70‰). 

 

5.4.2. Interspecific comparisons 

 

The results for the interspecific comparison of C:N ratios, δ13C and δ15N- levels 

measured in worker ants in May, July and September and in pupae, larvae and 

female alatae in July 2007 are presented in Table 5.1 (a to f). In this table the 

results are presented in the chronological sequence of sampling. All the ANOVAs 

show significant differences regarding C:N ratio, δ13C as well as δ15N- levels 

existing between workers, pupae, larvae and female alatae of all four ant species. 

However, the results of the Tukey post hoc tests (p<0.05), only applied if the 

ANOVA was significant differences, show that some species share more 

similarities than others in their C:N ratio-δ13C-δ15N-pattern.  

 

The C:N ratio in May (Table 5.1 a) was significantly higher in F. lemani 

(4.35±0.09) compared to lower levels in both L. flavus (4.07±0.03) and M. 

sabuleti (3.85±0.02), while M. sabuleti has lower levels than L. flavus. L. 

platythorax (4.20±0.03) grouped somewhere between F. lemani and L. flavus 

from which it cannot be distinguished statistically. Two months later in July 

(Table 5.1 b) the formicines F. lemani (4.08±0.02), L. platythorax (4.05±0.02) and 

L. flavus (4.09±0.02) had significantly higher C:N ratios than the myrmicine M. 

sabuleti (3.81±0.03). The same pattern was found for the larvae sampled from the 

same month, but not for the pupae (Table 5.1 d). The pupae of the formicines had 
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significantly higher C:N ratios than M. sabuleti (4.30±0.14). Furthermore pupae 

of F. lemani (6.77±0.19) showed a significantly higher C:N ratio than those of the 

two Lasius species (L. platythorax, 5.93±0.24; L. flavus, 5.94±0.28). Of the 

female alatae of the formicines, sampled in July (Table 5.1 e), L. platythorax had 

the highest C:N ratios (4.60±0.12). The statistically lower C:N ratios for female 

alatae of F. lemani (4.24±0.03) and L. flavus (4.12±0.05) were indistinguishable 

from each other. Female alatae of M. sabuleti were not available on this sampling 

occasion. In workers of the four species sampled in September (Table 5.1 f) F. 

lemani (4.54±0.09) and L. platythorax (4.48±0.12) had the highest C:N ratios. 

Although the C:N ratio of L. platythorax was lower than F. lemani, it was 

statistically indistinguishable from it and also to the C:N ratio of L. flavus 

(4.24±0.03). The C:N ratio of L. flavus itself was statistically indistinguishable 

from M sabuleti (4.13±0.04), which had the lowest C:N ratio of the workers of all 

four species which were compared statistically. However, the single sample of a 

M. schencki worker had a C:N ratio lower than the means of the other four ant 

species. 

 

The levels of δ13C in May (Table 5.1 a) were found to be highest for F. lemani     

(-25.11±0.11‰) and lowest for L. flavus (-25.87±0.15‰) and M. sabuleti            

(-25.79±0.11‰) which grouped together. The levels of δ13C levels of L. 

platythorax (-25.44±0.13‰) were in between. In July (Table 5.1. b) the δ13C 

levels of F. lemani (-24.94±0.14‰) were again highest, followed by L. 

platythorax (-25.41±0.10‰), M. sabuleti (-25.89±0.11‰) and L. flavus                

(-26.42±013‰), which were also significantly different from each other. The 

larvae from the same month (Table 5.1 c) had also F. lemani as the species with 

the highest levels of δ13C (-26.32±0.15‰). However, larvae of L. platythorax 

showed the lowest δ13C levels (-28.64±0.26‰). M. sabuleti (-27.53±0.12‰) and 

L. flavus (-27.62±0.08‰) had levels in between and were statistically 

indistinguishable. The pupae also sampled in July 2007, showed a different 

pattern (Table 5.1 d): the three species F. lemani, L. flavus and M. sabuleti had all 

higher levels of δ13C (-26.12±0.10‰,-26.53±0.16‰, -26.01±0.17‰) than L. 

platythorax (-27.47±0.27‰). Female alatae (Table 5.1 e), from the same sampling 

occasion showed the same pattern, except of female alatae of M. sabuleti, which 
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were not available. Of the workers sampled in September (Table 5.1 f) F. lemani, 

L. platythorax and M. sabuleti showed the highest levels of δ13C (-25.18±0.14‰, -

25.78±0.16‰, -25.29±0.15‰). However, δ13C levels for L. platythorax were 

statistically indistinguishable from those of L. flavus (-26.50±0.16‰). The single 

worker sample of M. schencki showed the significantly highest level of δ13C         

(-24.77‰, n=1) compared to the means of the other species.  

 

The δ15N levels in May (Table 5.1 a) were significantly higher in workers of L. 

flavus (3.49±0.28‰) than in L. platythorax (1.99±0.22‰) and F. lemani 

(1.63±0.20) which grouped together. The level of δ15N in M. sabuleti was in 

between (2.44±0.27‰). For July (Table 5.1 b) the levels of δ15N were 

significantly highest in L. flavus (3.63±0.17‰). All other species’ workers 

grouped together below this level. Larvae of L. platythorax (July) had the 

significantly highest levels of δ15N (3.54±0.22‰) followed by L. flavus with 

1.60± 0.42 (Table 5.1 c). The larvae of F. lemani (1.08±0.25‰) and M. sabuleti 

(1.45±0.34‰) grouped together with the lowest levels of δ15N. The pupae of L. 

platythorax, had the significantly highest levels of δ15N with 3.42±014‰ (Table 

5.1 d). The pupae of all other species grouped together significantly lower 

regarding their levels of δ15N. For female alatae also collected in July the highest 

δ15N levels had L. platythorax with 4.28±3.65‰ (Table 5.1 e). The other two 

formicines F. lemani (1.84±0.98‰) and L. flavus (2.45±1.49‰) grouped below. 

Female alatae of M. sabuleti were not available. Of workers sampled in 

September, L. flavus had the significantly highest levels of δ15N (3.39±0.22‰), 

followed by the other three species of F. lemani (2.18±0.21), L. platythorax 

(1.63±0.30‰) and M. sabuleti (2.05±0.23‰), which grouped together. The 

worker sample of M. schencki, had the lowest δ15N level (1.59‰, n=1) compared 

to the mean values of the other species.  
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Table 5.1: a, b, c, d, e, f: Comparison of C:N, δ13C (‰) and δ15N (‰) between four ant species for May, July and September 2007. (n= 
numbers of sampled nests, mean= mean values, SE= standard error, ANOVA: *: p<0.05 ; **: p<0.01; ***: p<0.001; n.s.: non significant, 
Tukey post-hoc test: species sharing the same letter had means which were not significantly different (p< 0.05); n.a.: not applicable. 
 

a) Workers  May May May
C:N δ13C δ15N

n Mean SE ANOVA Tukey n Mean SE ANOVA Tukey n Mean SE ANOVA Tukey
Formica lemani 9 4.35 0.09 *** a 9 -25.12 0.11 ** a 9 1.63 0.20 ** b
Lasius platythorax 10 4.20 0.03 ab 10 -25.44 0.13 ab 10 1.99 0.22 b
Lasius flavus 6 4.07 0.03 b 6 -25.87 0.15 b 6 3.49 0.28 a
Myrmica sabuleti 19 3.85 0.02 c 19 -25.79 0.11 b 19 2.44 0.27 ab

b) Workers July July July
C:N δ13C δ15N

n Mean SE ANOVA Tukey n Mean SE ANOVA Tukey n Mean SE ANOVA Tukey
Formica lemani 9 4.08 0.02 *** a 9 -24.94 0.14 *** a 9 1.74 0.18 *** b
Lasius platythorax 10 4.05 0.02 a 10 -25.41 0.10 b 10 2.10 0.19 b
Lasius flavus 10 4.09 0.02 a 10 -26.42 0.13 d 10 3.63 0.17 a
Myrmica sabuleti 9 3.81 0.03 b 10 -25.89 0.11 c 10 2.34 0.30 b

c) Larvae July July July
C:N δ13C δ15N

n Mean SE ANOVA Tukey n Mean SE ANOVA Tukey n Mean SE ANOVA Tukey
Formica lemani 8 7.54 0.44 ** a 8 -26.32 0.15 *** a 8 1.08 0.25 *** b
Lasius platythorax 8 7.79 0.36 a 8 -28.64 0.26 c 8 3.54 0.22 a
Lasius flavus 6 7.96 0.56 a 6 -27.62 0.08 b 6 1.60 0.42 bc
Myrmica sabuleti 11 6.20 0.18 b 11 -27.53 0.12 b 11 1.45 0.34 b  
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Table 5.1 continued: 
 

d) Pupae July July July
C:N δ13C δ15N

n Mean SE ANOVA Tukey n Mean SE ANOVA Tukey n Mean SE ANOVA Tukey
Formica lemani 16 6.77 0.19 *** a 16 -26.12 0.10 *** a 16 1.03 0.15 *** b
Lasius platythorax 12 5.93 0.24 b 12 -27.47 0.27 b 12 3.42 0.14 a
Lasius flavus 15 5.94 0.28 b 15 -26.53 0.16 a 15 1.45 0.19 b
Myrmica sabuleti 11 4.30 0.14 c 12 -26.01 0.17 a 12 1.81 0.34 b

e) Female alatae July July July
C:N δ13C δ15N

n Mean SE ANOVA Tukey n Mean SE ANOVA Tukey n Mean SE ANOVA Tukey
Formica lemani 3 4.24 0.03 * b 3 -24.80 0.29 ** a 3 1.84 0.98 *** b
Lasius platythorax 8 4.60 0.12 a 8 -26.77 0.23 b 8 4.28 3.65 a
Lasius flavus 5 4.12 0.05 b 5 -25.68 0.27 a 5 2.45 1.49 b
Myrmica sabuleti n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

f) Workers September September September
C:N δ13C δ15N

n Mean SE ANOVA Tukey n Mean SE ANOVA Tukey n Mean SE ANOVA Tukey
Formica lemani 11 4.54 0.09 *** a 11 -25.18 0.14 *** a 11 2.18 0.21 *** b
Lasius platythorax 9 4.48 0.12 ab 10 -25.78 0.16 ab 10 1.63 0.30 b
Lasius flavus 12 4.24 0.03 bc 12 -26.50 0.16 b 12 3.39 0.22 a
Myrmica sabuleti 16 4.13 0.04 c 16 -25.29 0.15 a 16 2.05 0.23 b
Myrmica schencki 1 4.04 n.a. n.a. n.a. 1 -24.77 n.a. n.a. n.a. 1 1.59 n.a. n.a. n.a.  
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5.4.3. Comparisons of life stages 

 

The results for the ontogenetic comparisons of C:N ratios, δ13C and δ15N- levels 

measured in workers, pupae, larvae and female alatae of the ant species; F. 

lemani, L. platythorax, L. flavus and M. sabuleti at the beginning of July 2007 are 

presented in Table 5.2 . The ANOVAs showed that there are differences in C:N 

ratio and δ13C between life stages of all species and in δ15N- levels between life 

stages of F. lemani, L. platythorax, L. flavus. However, for M. sabuleti no female 

alatae were sampled. The statistical analysis therefore differed from those for the 

other species. The results of the Tukey post hoc tests (p<0.05), only applied if the 

ANOVA was significant, showed that some life stages share more similarities 

than others in their C:N ratio-δ13C-δ15N-pattern. 

 

In the comparison of life stages in F. lemani (Table 5.2 a) larvae (7.54±0.44) and 

pupae (6.77±0.19) grouped together with significantly higher C:N ratio compared 

to the imagines (workers=4.08±0.02, female alatae=4.24±0.03), which also 

grouped together. L. platythorax (Table 5.2 b) larvae have the significantly 

highest C:N ratios (7.97±0.56) distinguished from the pupae (6.77±0.19). The 

significantly lowest C:N ratios were also found in the imagines (workers= 

4.05±0.02, female alatae=4.12±0.05), which grouped together. A single male 

alatae sample of this species had a C:N ratio of 4.06 (n=1). For life stages of L. 

flavus (Table 5.2 c) the same pattern was found as for the close related L. 

platythorax: larvae had the significantly highest C:N ratios (7.79±0.36) 

distinguished from the following pupae. The significantly lowest C:N ratios were 

also found in the imagines (workers= 4.09±0.02, female alatae=4.60±0.12), which 

grouped together. The C:N ratios of M. sabuleti (Table 5.2 d) showed that larvae 

had the significantly highest C:N ratios (6.20±0.18) Grouped together pupae 

(4.30±0.14) and workers (3.81±0.03) had significantly lower C:N ratios. 

 

The levels of δ13C in F. lemani (Table 5.2 a) were significantly highest in the 

imagines (workers= -24.94±0.14‰, female alatae=-24.80±0.29‰) which grouped 

together compared to the larvae (-26.32±0.15‰) and pupae (-26.12±0.10‰), 
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which also grouped together with significantly lower levels of δ13C. L. 

platythorax life stages (Table 5.2 b) showed the significantly highest levels of 

δ13C in imagines (workers=-25.41±0.10‰, female alatae=-25.68±0.27‰) 

followed by pupae (-26.53±0.16‰). The significantly lowest levels of δ13C were 

found in larvae (-27.62±0.08‰). The δ13C level (-26.29‰, n=1) of a single male 

alatae was lower than the mean levels of the imagines and close that of the pupae 

(-26.53±0.16‰). The δ13C levels of L. flavus life stages (Table 5.2 c) were 

significantly highest in imagines (workers=-26.42±0.13‰, female alatae=             

-26.77±0.23‰). However, female alatae could not be statistically distinguished 

from pupae (-27.47±0.27‰), which were significantly lower in levels of δ13C than 

the workers. Larvae with -28.64±0.26‰ had the lowest levels of δ13C of all life 

stages of this species. The δ13C levels for life stages of M. sabuleti (Table 5.2 d) 

showed that imagines (here: workers only, -25.89±0.11‰) and pupae                   

(-26.01±0.17‰) grouped together with significantly higher levels of δ13C than the 

larvae (-27.53±0.12‰). 

 

The levels δ15N of life stages of F. lemani (Table 5.2 a) show are different 

(ANOVA, p<0.05). However, only the workers (were found to have significantly 

different and higher δ15N (1.74±0.18‰) than pupae (1.03±0.15‰). Although the 

overall ANOVA for life stages of L. platythorax (Table 5.2 b) was significant for 

δ15N levels (p<0.05), the Tukey test showed the life stages are not statistically 

different to each other. The levels δ15N of life stages of L. flavus (Table 5.2 c) 

were found to differ (ANOVA, p<0.05). However, only female alatae 

(4.28±0.26‰) had significantly higher levels of δ15N than pupae (3.42±0.14‰). 

The life stages of M. sabuleti (note: female alatae were not included) showed no 

difference in their levels of δ15N (Table 5.2 d).  
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Table 5.2 a, b, c, d: Comparison of C:N, δ13C (‰) and δ15N (‰) between life stages of four ant species during July 2007. (n= numbers of 
sampled nests, mean= mean values, SE= standard error, ANOVA: * : p<0.05 ; **: p<0.01; ***p< 0.001; n.s.: non significant, Tukey post-
hoc test: life stages sharing the same letter had means which were not significantly different (p< 0.05); n.a.: not applicable.  

 
a) Life stage Formica lemani Formica lemani Formica lemani

C:N δ13C δ15N
n Mean SE ANOVA Tukey n Mean SE ANOVA Tukey n Mean SE ANOVA Tukey

larvae 8 7.54 0.44 *** a 8 -26.32 0.15 *** b 8 1.08 0.25 * a
pupae 16 6.77 0.19 a 16 -26.12 0.10 b 16 1.03 0.15 ac
workers 9 4.08 0.02 b 9 -24.94 0.14 a 9 1.74 0.18 ab
female alatae 3 4.24 0.03 b 3 -24.80 0.29 a 3 1.84 0.20 a
male alatae n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

b) Life stage Lasius platythorax Lasius platythorax Lasius platythorax
C:N δ13C δ15N

n Mean SE ANOVA Tukey n Mean SE ANOVA Tukey n Mean SE ANOVA Tukey
larvae 6 7.97 0.56 *** a 6 -27.62 0.08 *** c 6 1.60 0.42 * a
pupae 15 5.94 0.28 b 15 -26.53 0.16 b 15 1.45 0.19 a
workers 10 4.05 0.02 c 10 -25.41 0.10 a 10 2.10 0.19 a
female alatae 5 4.12 0.05 c 5 -25.68 0.27 a 5 2.45 0.35 a
male alatae 1 4.06 n.a. n.a. n.a. 1 -26.29 n.a. n.a. n.a. 1 2.46 n.a. n.a. n.a.  
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Table 5.2 continued: 
 

c) Life stage Lasius flavus Lasius flavus Lasius flavus
C:N δ13C δ15N

n Mean SE ANOVA Tukey n Mean SE ANOVA Tukey n Mean SE ANOVA Tukey
larvae 8 7.79 0.36 *** a 8 -28.64 0.26 *** d 8 3.54 0.22 * a
pupae 12 5.93 0.24 b 12 -27.47 0.27 c 12 3.42 0.14 ac
workers 10 4.09 0.02 c 10 -26.42 0.13 b 10 3.63 0.17 a
female alatae 8 4.60 0.12 c 8 -26.77 0.23 ab 8 4.28 0.26 ab
male alatae n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

d) Life stage Myrmica sabuleti Myrmica sabuleti Myrmica sabuleti
C:N δ13C δ15N

n Mean SE ANOVA Tukey n Mean SE ANOVA Tukey n Mean SE ANOVA Tukey
larvae 11 6.20 0.18 *** a 11 -27.53 0.12 *** b 11 1.45 0.34 n.s. a
pupae 11 4.30 0.14 b 12 -26.01 0.17 a 12 1.81 0.34 a
workers 9 3.81 0.03 b 10 -25.89 0.11 a 10 2.34 0.30 a
female alatae n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
male alatae n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.  
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5.4.4. Temporal comparisons by month 

 

The results for the temporal comparisons of C:N ratios, δ13C and δ15N- levels 

measured in workers of the ant species F. lemani, L. platythorax, L. flavus and M. 

sabuleti in the beginning of May, July and September 2007 are presented in the 

Tables 5.3 a to d. The ANOVAs showed that there are differences in C:N ratio 

between workers sampled on different occasions during the season. Furthermore, 

two species, L. flavus and M. sabuleti, had temporal differences in levels of δ13C. 

No temporal differences were found for levels of δ15N for workers of all species. 

The results of the Tukey post hoc tests (p<0.05), only applied if the ANOVA was 

significant differences, showed that some workers from some sampling months 

share more similarities than those of others in their C:N ratio-δ13C-δ15N-pattern. 

 

The C:N ratios of F. lemani workers (Table 5.3 a) were significantly higher in 

September (4.54±0.09) than in July (4.08±0.02). The C:N ratios of workers in 

March (4.35±0.09) were statistically indistinguishable from those of the other two 

months. The C:N ratios during the season in L. platythorax (Table 5.3 b) were 

highest in September (4.48±0.12) followed by March (4.20±0.03) and July 

(4.05±0.02), which grouped together. This pattern that the C:N ratios were highest 

in September followed by March and July as a group, was also found for the 

closely related L. flavus (Table 5.3 c) and for M. sabuleti (Table 5.3 d). However, 

the variances were be stronger for the two species (both, ANOVA, p<0.001) in 

comparison to the one calculated for L. platythorax (ANOVA, p<0.05). 

 

The temporal levels of δ13C in workers of F. lemani and L. platythorax were not 

statistically different (Tables 5.3 a, b). Workers of L. flavus showed temporal 

differences in their δ13C levels (ANOVA, p<0.05, Table 5.3 c). The levels of δ13C 

in March (-25.87±0.15‰) were significantly higher than in September                 

(-26.50±0.16‰). Workers sampled in July had δ13C levels (-26.42±0.13‰) 

statistically indistinguishable from those of March and September. Workers of M. 

sabuleti showed temporal differences in their δ13C levels (ANOVA, p<0.01, Table 

5.3 c). The levels of δ13C were significantly highest in September (-25.29±0.15‰) 
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and lowest in workers sampled in March (-25.79±0.11‰) and July                       

(-25.89±0.11‰), which grouped together. 

 

There was no significant temporal difference in levels of δ15N in workers of all 

four ant species (Tables 5.3 a to d). 
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Table 5.3 a, b, c, d: Comparison of C:N, δ13C (‰) and δ15N (‰) between three months of sampling (May, July, September 2007) of 
workers from four ant species. (n= numbers of sampled nests, mean= mean values, SE= standard error, ANOVA: *: p<0.05; **: p<0.01; 
***: p<0.001; n.s.: non significant, Tukey post-hoc test: months sharing the same letter had means which were not significantly different 
(p< 0.05); n.a.: not applicable.  

 
a) Month 2007 Formica lemani Formica lemani Formica lemani

C:N δ13C δ15N
n Mean SE ANOVA Tukey n Mean SE ANOVA Tukey n Mean SE ANOVA Tukey

March 9 4.35 0.09 ** ab 9 -25.12 0.11 n.s. a 9 1.63 0.20 n.s. a
July 9 4.08 0.02 b 9 -24.94 0.14 a 9 1.74 0.18 a
September 11 4.54 0.09 ac 11 -25.18 0.14 a 11 2.18 0.21 a

b) Month 2007 Lasius platythorax Lasius platythorax Lasius platythorax
C:N δ13C δ15N

n Mean SE ANOVA Tukey n Mean SE ANOVA Tukey n Mean SE ANOVA Tukey
March 10 4.20 0.03 * a 10 -25.44 0.13 n.s. a 10 1.99 0.22 n.s. a
July 10 4.05 0.02 a 10 -25.41 0.10 a 10 2.10 0.19 a
September 9 4.48 0.12 b 10 -25.78 0.16 a 10 1.63 0.30 a  
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Table 5.3 continued: 
 
c) Month 2007 Lasius flavus Lasius flavus Lasius flavus

C:N δ13C δ15N
n Mean SE ANOVA Tukey n Mean SE ANOVA Tukey n Mean SE ANOVA Tukey

March 6 4.07 0.03 *** a 6 -25.87 0.15 * a 6 3.49 0.28 n.s. a
July 10 4.09 0.02 a 10 -26.42 0.13 ab 10 3.63 0.17 a
September 12 4.24 0.03 b 12 -26.50 0.16 b 12 3.39 0.22 a

d) Month 2007 Myrmica sabuleti Myrmica sabuleti Myrmica sabuleti
C:N δ13C δ15N

n Mean SE ANOVA Tukey n Mean SE ANOVA Tukey n Mean SE ANOVA Tukey
March 19 3.85 0.02 *** a 19 -25.79 0.11 ** a 19 2.44 0.27 n.s. a
July 9 3.81 0.03 a 10 -25.89 0.11 a 10 2.34 0.30 a
September 16 4.13 0.04 b 16 -25.29 0.15 b 16 2.05 0.23 a  
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Figure 5.2: Mean values of the stable isotope ratios of δ13C and δ15N of workers of four 
ant species (Las_fla = Lasius flavus, Las_pla = Lasius platythorax, For_lem = Formica 
lemani and Myr_sab = Myrmica sabuleti) during three different months (May, July and 
September 2007). The error bars are ± 1 standard error. 

 

Figure 5.2, combined with Tables 5.1 and 5.3, illustrate the differences in isotopic 

compositions between workers of ant species sampled at different occasions. Whilst workers 

of all species can be clearly distinguished by δ13C and δ15N levels for each occasion, workers 

of each species rarely show significant changes during the season. Only workers of Lasius 

flavus and Myrmica sabuleti show a significant change in δ13C during the active season. No 

significant temporal differences were found for δ15N. 
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Figure 5.3: Mean values of the stable isotope ratios of δ13C and δ15N of four ant species 
(Las_fla = Lasius flavus, Las_pla = Lasius platythorax, For_lem = Formica lemani and 
Myr_sab = Myrmica sabuleti) at different life stages (F = female alatae, M = male alatae, 
L = larvae, P = pupae, W = worker), during early July 2007. The error bars are ± 1 
standard error. 
 

Figure 5.3, combined with Table 5.2, show differences in isotopic compositions between 

different life stages (larvae, pupae and imagines) in each ant species. The δ13C levels between 

the life stages in all species were significantly different. However for δ15N, a significant 

difference was noted for Formica lemani, Lasius platythorax and Lasius flavus, but not for 

Myrmica sabuleti.  
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5.5. Discussion 
 

5.5.1. Comparison of ants to other organisms 

 

The δ15N-results show ants to have mid levels compared to the other organism-

groups. As true zoophagous ants are rare in Europe (Seifert 2007) and the species 

investigated here are not included amongst them, it was expected to find this result for 

omnivorous insects. A main reason is the widespread trophobiosis of European ants 

with aphids. It is also likely that nectar and plant sap play an important role in the 

nutrition of those ant species. Interestingly, all the bumblebee samples (Bombus spp.) 

show higher δ15N levels than the ants. Further research is needed to explain this 

difference as bumblebees, as herbivores, might be expected to have lower δ15N levels 

than the ants. The Eumenid wasps are known to have a diet made up exclusively by 

primary consumers, especially in the larva stage. Their main food sources are larvae 

of lepidopterans (Jacobs and Renner 1988). This accounts for the high δ15N value 

found for this sample. The only lepidopteran in this investigation, Aglais had the 

highest δ15N value of all the organisms studied. Also its larvae might be expected to 

have relatively high levels before the metamorphosis shift, leading to a 15N-

enrichment in imagines (Tibbets et al. 2008) possibly caused by its main food source 

the stinging nettles (Urtica dioica). Stinging nettles are known as indicators of 

nutrient rich places. As nettles were not seen at the actually sampling area, it is very 

likely they occurred in adjacent farmed habitats, with intensively fertilised patches. 

Comparably high δ15N levels can be reached by those plants, if NO3-fertiliser is 

available (e.g. 1.7-8.6‰ δ15N found for riparian systems (Clément et al. 2003). 

External sources might explain the high δ15N values of Aglais, setting the primary 

consumer aside, according to typical ecological interpretation of stable isotope results 

as the top predators of the habitat. But the second highest values were found for a 

fungus (Agaricomycetidae), a decomposer. An accumulation effect of 15N was also 

reported for arbuscular myccorhizal fungi (AMF) by Etcheverría et al. (2009), albeit 

with increased δ13C, which was not seen in this study. This must have an effect on 

fungivorous animals at the site (e.g. Collembola), making their stable isotope 
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signatures indistinguishable from comsumers of higher trophic levels (secondary, 

tertiary).  

For the δ13C, the lowest level was in the parasitic plant Euphrasia and the highest 

level has the gastropod Helicella. The highest value for plants is found in the fern 

Pteridium.  

 

5.5.2. Interspecific patterns 

 

The differences in the C:N ratios of workers of the four ant species found, might be 

explained by the their general biology. F. lemani forages aboveground and has a 

highly sclerotised exoskeleton. In comparison L. flavus lives and forages belowground 

and has a less sclerotised exoskeleton. The ratio of carbohydrates in the exoskeleton 

in relation to the other tissues might, per se, cause a difference. The ecology of L. 

platythorax is not well known. However, the similar levels of C:N ratio suggests a 

similarity with the closely related L. flavus. The decreasing values of δ13C from F. 

lemani over L. platythorax/M. sabuleti to L. flavus most likely reflect dietary 

differences. Since there are only very few C4 plants distributed in Ireland (Collins and 

Jones 1985), this cannot provide an explanation. Considering the effect of AMF, as 
13C and 15N “enrichers” on soils and belowground food webs (Etcheverría et al. 

2009), the feeding on fungi or fungi feeders in the wider sense might account for the 

differences observed and also explain δ15N patterns of ant species. As ants in the 

grassland ecosystem can be considered omnivores, the analysis of δ15N showed that L. 

flavus must be the species with most predatory diet of the four investigated ant species 

in the limestone pavement. Its prey items must have, on average, a higher trophic 

level than those of the other three species. Alternatively, L. flavus may predate only 

animals living belowground and being detritivores such as certain species of soil 

dwelling detritivorous Collembola (Chahartaghi et al. 2005), which are known to be 

enriched in 15N (Schuch et al. 2008). Although it is know that Collembola guilds can 

be found in several trophic levels (Chahartaghi et al. 2005) it might be suggested that 

the high δ15N levels most likely are fungus originated rather than originating from a 

“top predator” of any Collembola guild. The high levels found for a fungus species 

(compare fig. 5.1.) support this. Furthermore, it is likely that root aphids and their 

honeydew are enriched in 15N, possibly deriving from legumes, which grow 
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frequently on the ant mounds, although myrmecophilous root aphids are mostly found 

on Poaceae (Paul 1977). This might also explain the fact that L. flavus shows the 

highest 15N levels but the lowest 13C levels. If AMF were basal in the food chain 

towards L. flavus both 13C and 15N levels would be expected to be enhanced. Also 

generally for belowground food webs, it would be expected that both levels would 

increase (Nadelhoffer and Fry 1988, Ehleringer et al. 2000) with depth. However, 

only 15N levels were enriched in L. flavus in comparison to the other ant species. A 

potential explanation must be seen in other fungi which dominate the belowground 

food web, having a different pattern of 13C and 15N to AMF (see below), which could 

account for the pattern observed. The comparatively lower δ15N levels of the other ant 

species in this investigation show that they must not or only occasionally prey on L. 

flavus as well as on certain fungivorous Collembola and other δ15N enriched food 

items of the belowground food web. Therefore L. flavus is using a different food niche 

in the same ecosystem and the three other species are probably not part of the 

belowground food web.  

 

A previous study with sampling in July 2005 in the same area (O'Grady et al. 2010) 

reported similar 13C levels, but lower δ15N levels for all four ant species than in the 

present study. L. flavus especially showed a strong depletion of 15N between 2005 and 

2007. However, it still had the highest levels together with L. platythorax. The study 

also found that F. lemani had higher levels of δ15N than M. sabuleti which had the 

second lowest δ15N levels in this study. Therefore an annual temporal effect or a small 

scale spatial effect in δ15N levels can be assumed. The change in the availability of 

certain food sources is certainly the trigger. 

 

5.5.3. Ontogenetic patterns 

 

Since the different life stages were only sampled once, the results cannot be traced to 

temporal or seasonal effects. Interestingly, there is a clear trend towards a lower C:N 

ratio during the life stages of all ant species (Table 5.2.). This might be due the 

continuous fat consumption prior to pupation and metamorphosis. However, for the 

imagines other results might have been expected. It is known that females at least and 
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possibly males enjoy a different nutrition compared to the workers. Therefore a higher 

C:N ratio might be expected. However, the techniques used for preparing the 

specimens for stable isotope analysis may contribute to some of the variation reported 

in the literature. Following the standard methods of stable isotope investigation in ants 

(Blüthgen et al. 2003), the gaster was removed. This is the part of the body where 

high fat reserves for nuptial flights and for female alatae colony founding are situated. 

The removal of the gasters, which contains a large amount of lipid rich tissue, changes 

the in situ investigation, alters the results and therefore complicates the interpretation. 

Particularly in this investigation, containing different life stages with some of them 

lacking a gaster (pupae, larvae), this practice leads to unwanted uncertainties. For 

further research on ant trophic relations including isotopic signatures, an agreement 

on processing ants as a whole as standardised method will be beneficial. In 

comparative investigations, other invertebrate groups (e.g. spiders, Blüthgen et al. 

2003) are processed whole. However, it is known that some body parts of ants show 

different values of stable isotopes (Platner 2004, appendix 3). Thus the study of stable 

isotope in separate body parts might be justified in certain detailed studies (e.g. Pekár 

et al. 2010). Regarding δ13C it was found that all four ant species change levels and 

possibly their nutrition throughout life history.  

 

The different life stages must have had different diets, a fact which is also supported 

by the significant change in δ15N found for F. lemani, L. platythorax and L. flavus. 

Alternatively, those findings restricted to the formicines could indicate that they have 

a different metabolism linked to metamorphosis than myrmicines. Tibbets et al. 

(2008) show clearly that in addition to the “normal” enrichment of δ15N by metabolic 

processes, another mechanism may boost δ15N during metamorphosis from larvae to 

imagines as found for four Lepidoptera and one Diptera species, or may not, as found 

for Tenebrio molitor (Coleoptera). However, the practice of removing the gaster (see 

above) might have influenced the results. This was carried out following the 

recommendation of Blüthgen et al. (2003) to remove the potential gut content. 

However, it means also the removal of the lipids (“lipid effect”) and might have 

introduced a “method effect”, not just for the C:N ratio but also at least for δ13C 

(compare O'Leary 1981, Badeck et al. 2005). 
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Overall the patterns seem to show the tendency of lower C:N ratios and enhancement 

of both δ13C and δ15N from larvae to adult. The result for L. flavus also suggests that 

female alatae must have been fed organisms of either higher trophic levels and/or 

higher 15N levels, compared to other life stages sampled at the same time. It can be 

noted that the samples of larvae and pupae were separated into their future castes and 

worker/alatae are listed as life stages. It was necessary to investigate temporal effects 

at the same site. This result suggests different δ15N levels caused by different diets in 

different castes/life stages that might contribute to ontogenetic isotopic patterns, 

which is not consistent with what one would expect from trophallaxis. However, the 

imagines of the formicines together might have been affected additionally by a boost 

in δ15N due to metamorphosis. Finally the methodical approach chosen, removing 

gasters prior processing, introduces uncertainty to some of the results. 

 

5.5.4. Temporal patterns 

 

Temporal changes were found in the C:N ratios of worker ants during the active 

season of 2007. For all species those were always significantly highest in September, 

which can be linked to the storage of fat for the cold season to come. Also at this time 

the amount of instars being fed at least in the formicines is now reduced (Kipyatkov, 

1993) and this can explain the highest C:N ratios, which were only significant for F. 

lemani. However the high C:N values found for worker ants in September did not 

correspond in a depletion of δ13C in F. lemani and L. platythorax which showed no 

seasonal difference in δ13C levels, and M. sabuleti, which showed an enriched level of 
13C. Only L. flavus was found to have a continuous depletion of 13C during the season 

and this might be expected if the low C:N ratios in the end of the year were fat 

derived. As all species show an highly increased C:N ratio to the end of the year but 

not all a corresponding δ13C effect, it is possible that other factors account for the 

δ13C values. It seems that F. lemani and L. platythorax continue to exploit the same 

food resources, with a conversion to fat, whilst L. flavus might switch to plant-related 

sources rather than fungi-related ones (e.g. fungivorous Collembola), causing a lower 

δ13C value. Observations (Pontin 1978) led to the conclusion that L. flavus colonies 

must feed on their root aphid herds starting in June which, could contribute to these 
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results. However, an expected co-occurring change in δ15N was not found. In the case 

of M. sabuleti it seems possible that a shift in food sources occurs. Prior to May and 

July, respectively, relatively higher 13C contents could derive from extrafloral 

nectaries e.g. from the fern Pteridium aquilinum (pers. obs.), a C3 plant, when 

available. Later in year different sources with higher 13C levels but similar 15N-levels, 

such as phloem-feeding insects (Aphidae, Cicadellidae) or saprophagous groups, e.g. 

Julidae, or even their predators might replace this source. This is evident in levels of 

δ13C in September, which are somewhat higher and this value is significant (Table 

5.3, p<0.01). 

 

Stable isotope levels did only change for two ant species, namely Lasius flavus and 

Myrmica sabuleti for δ13C and did not change for δ15N. However a comparable study 

by O’Grady et al. (2010) shows differences to the results presented here. It maybe 

caused by temporal changes in food sources between the sampling years and has led 

to different stable isotope patterns. Therefore, investigations over a longer period 

might show temporal differences in stable isotope signatures. 

 

5.6. Conclusion and outlook 
 

Organisms living and feeding below ground seem to be affected by higher 15N-levels, 

most likely derived from fungi. Taking this enrichment into account, a distinction 

between top predators and organisms with a considerable amount of fungus in their 

diet can only be made by including classical field research. Hence future 

investigations should address the important role of the fungus component. 

 

Furthermore differences between life stages of holometabolic insects were found here. 

This means that metamorphosis metabolisms must get increased attention before 

concluding on or approving a trophic level of a holometabolic insect. As imagines of 

ants showed differences between their castes, the trophallaxis must now be considered 

as an uneven distribution of food sources between the different types of larvae. 

Therefore future research about stable isotope ecology of social insects must 

distinguish between different castes, if possible, in the different life stages. 

Additionally such studies should preferably avoid investigating distinct parts of the 
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insect body of some life stages. Otherwise, the results affected by this practise will 

cause difficulties for interpretation.  

 

The surprising high 15N-levels found for bumblebees also suggest in response to 

(potential) stable isotope levels in different parts of plants to distinguish between 

herbivores of different groups (e.g. root feeder, pollen feeders) as well herbivores 

feeding on plants of different functional groups of plants. However differences in 

metamorphosis metabolisms amongst the Hymenoptera must be considered as well. 

 

Temporal changes in stable isotope levels comparing the same life stage were only 

found for δ13C levels in workers of L. flavus and M. sabuleti, but it is likely that such 

differences might occur over longer periods or on a wider scale. Nevertheless the 

observed differences between life stages show that ants change their stable isotope 

signatures as they pass through their developmental stages. 
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Chapter 6: Overall discussion and conclusions 
 

The comparison of the surveys showed that the setup for the baseline data was 

insufficient for the gathering of representative data for the whole of Ireland and 

therefore unsuitable for future monitoring for ants and likely also for other soil 

organism groups. This means that soil monitoring in whatever direction needs to 

address the full range of habitat diversity, including hotspots of diversity, which can 

differ for some taxa. Levels of Irish soil biodiversity should not be scaled on the most 

common habitats. However, the gathered data can be used as a scaffold for further 

surveys and the data of the conservation survey can be used by local authorities. 

The survey on baseline ant distribution only noted one new vice county record for 

Lasius platythorax in County Galway. It was concluded that ants had a low indicator 

value for this baseline. However, in combination with abiotic and biotic factors, and 

the inclusion of other groups of soil invertebrates, investigated in CréBeo, SoilC and 

other projects, these ant results provide a basis for future soil monitoring; enhancing 

future information, such as changes in soil quality, habitat changes and climatic 

changes. The conservation survey was urgently needed to update the list of Irish ants 

and is a basis for ant conservation in the 21st century. In combination with surveys 

from other Irish counties and including the remaining rare species, it can be used to 

develop a provisional ‘Red-List’ for Irish ants. However, Irish prime habitat types 

require attention and these, as identified by this study, are as follows: limestone 

pavements and coastal sand dunes. This study also found particular sites of 

importance that exist within these two habitat types and some other worthwhile 

locations not assigned to these two habitat types. Furthermore, suggestions are made 

for the introduction of a nationwide ant monitoring scheme. Apart from ants, the ant-

dependant organisms deserve more attention in combination with ant conservation 

management. Two species, Formica lugubris and Lasius fuliginosus, are in need of 

rapid attention and the setting up of an action plan to enforce the protection of their 

populations is proposed. 

 

For the first time the relationship between a soil dwelling ant and the earthworm 

community inhabiting old calcareous pastures is investigated. Those grasslands with 

long-term established ant colonies (ant-scapes) were found to have an altered 
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earthworm community with respect to its dominance levels. However, no earthworm 

species was dependant or seen to be removed by the ants. The dominance levels, and 

neither the diversity nor the abundance levels, of earthworms in the ant-scapes were 

altered in comparison to other studies which had no the influence of L. flavus 

colonies. This is potentially caused by the widening of the ecological niche for one of 

the earthworm species Allolobophora chlorotica, in particular, causing ecosystem 

functions that are associated with this species to be enhanced. Therefore, according to 

this outcome, it is concluded that the activities of ants affect the entire habitat and not 

just their immediate surroundings, i.e. their nests. However, as there are currently no 

similar studies available for grasslands, and even research on comparable pasture sites 

without established ant colonies is limited, further research is needed to confirm this 

result. The study presented a stepping stone for this research area, with importance for 

the understanding of ecosystem functioning in semi-natural grassland habitats. 

 

A combined study investigating the trophic relationships of temperate ant species and 

other organisms including temporal and ontogenetic aspects in an Irish limestone 

pavement has not been done previously. The analyses based on the natural abundance 

of the stable isotopes 13C and 15N delivered several new insights. The analysis of food 

web components led to the conclusion that the classic interpretation of trophic levels 

using 15N must be revisited as potential effects of metamorphosis had been neglected. 

Furthermore, high levels of 15N in fungi can give a false impression that fungi and 

also fungivores are predators on top of the food chain. It was concluded that natural 

abundance of isotopes can only achieve useful results when accompanied by classical 

field research. Deriving from this initial research the interspecific comparison of ant 

workers lead to the conclusion that the species have different food sources, however, 

the comparably high levels of 15N found for L. flavus must indicate for the 

involvement of a fungus-dominated belowground food web, different to the other 

three ant species. This appears to be the first in situ study involving an ontogenetic 

comparison of ants based on stable isotopes. Differences were found between life 

stages for each species. The temporal comparison of workers throughout the active 

season did not show any difference between the four ant species. However it was 

assumed that as life stages change in stable isotope signature, this effect might be 

found for whole colonies over time. Furthermore the comparison with other studies 
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suggests that food sources of ants might change from year to year, causing such an 

effect. A further conclusion is that the practice of removing gasters, recommended in 

the literature, should be re-considered to allow more direct comparisons between ant 

life stages and with other taxa.  

Future research in this area should investigate enlarged food webs, including aphids, 

members of Collembola and especially fungi. The investigations must acknowledge 

temporal patterns in food availability and metabolic features of the organisms (e.g. 

metamorphosis) in order to explain stable isotope natural abundance.  
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Appendix 1.1. Presence and absence of ants on sites of the baseline survey 

N
SD

 site 

Land use 

Soil Type 

Present/A
bsent 

N
o. of species 

M
yrm

ica scabrinodis 

M
yrm

ica ruginodis 

M
yrm

ica rubra 

M
yrm

ica sabuleti 

Lasius flavus 

Lasius niger 

Lasius platythorax 

Form
ica lem

ani 

Sam
pling date 

9 PASTURE Acid brown earths 0 0 0 0 0 0 0 0 0 0 23/08/2007
43 ARABLE Gleys 0 0 0 0 0 0 0 0 0 0 16/08/2008
61 ARABLE Grey brown podzolics 0 0 0 0 0 0 0 0 0 0 16/08/2008
68 PASTURE Gleys 0 0 0 0 0 0 0 0 0 0 16/08/2008
100 FOREST B Brown podzolics 0 0 0 0 0 0 0 0 0 0 16/08/2008
107 ARABLE Grey brown podzolics 0 0 0 0 0 0 0 0 0 0 16/08/2008
126 PASTURE Acid brown earths 0 0 0 0 0 0 0 0 0 0 15/08/2008
131 FOREST C Gleys 0 0 0 0 0 0 0 0 0 0 15/08/2008
143 FOREST B Brown podzolics 0 0 0 0 0 0 0 0 0 0 18/08/2008
180 PASTURE Grey brown podzolics 0 0 0 0 0 0 0 0 0 0 18/08/2008
241 FOREST B Grey brown podzolics 0 0 0 0 0 0 0 0 0 0 15/08/2008
256 FOREST C Gleys 1 1 0 1 0 0 0 0 0 0 15/08/2008
268 PASTURE Grey brown podzolics 1 1 1 0 0 0 0 0 0 0 15/08/2008
283 BOG Peat 1 2 1 0 0 0 0 0 0 1 05/08/2008
330 ARABLE Brown podzolics 0 0 0 0 0 0 0 0 0 0 16/08/2007
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Appendix 1.1. continued: 

N
SD

 site 

Land use 

Soil Type 

Present/A
bsent 

N
o. of species 

M
yrm

ica scabrinodis 

M
yrm

ica ruginodis 

M
yrm

ica rubra 

M
yrm

ica sabuleti 

Lasius flavus 

Lasius niger 

Lasius platythorax 

Form
ica lem

ani 

Sam
pling date 

351 ROUGH Podzols 1 2 1 1 0 0 0 0 0 0 16/08/2007
355 PASTURE Brown podzolics 1 2 0 1 1 0 0 0 0 0 16/08/2007
358 PASTURE Acid brown earths 1 1 0 1 0 0 0 0 0 0 20/08/2008
385 ARABLE Acid brown earths 0 0 0 0 0 0 0 0 0 0 20/08/2008
394 ROUGH Podzols 1 2 0 0 0 0 1 0 0 1 15/08/2007
402 ARABLE Acid brown earths 0 0 0 0 0 0 0 0 0 0 20/08/2008
422 ROUGH Lithosols 1 1 0 1 0 0 0 0 0 0 15/08/2007
446 PASTURE Brown podzolics - - - - - - - - - - 15/08/2007
462 ROUGH Peat 1 5 1 1 0 0 1 1 0 1 20/08/2008
472 ARABLE Acid brown earths 1 1 0 1 0 0 0 0 0 0 20/08/2008
508 BOG Peat 1 1 0 1 0 0 0 0 0 0 20/08/2008
650 FOREST C Brown podzolics 1 1 0 0 0 0 0 0 0 1 16/10/2007
683 FOREST C Gleys 1 2 1 0 0 0 0 0 0 1 16/10/2007
684 ROUGH Peat 1 1 1 0 0 0 0 0 0 0 10/08/2008
694 FOREST B Grey brown podzolics 1 2 1 0 1 0 0 0 0 0 05/08/2008
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Appendix 1.1. continued: 

N
SD

 site 

Land use 

Soil Type 

Present/A
bsent 

N
o. of species 

M
yrm

ica scabrinodis 

M
yrm

ica ruginodis 

M
yrm

ica rubra 

M
yrm

ica sabuleti 

Lasius flavus 

Lasius niger 

Lasius platythorax 

Form
ica lem

ani 

Sam
pling date 

740 PASTURE Shallow brown earths 1 3 1 1 0 0 0 1 0 0 05/08/2008
773 PASTURE Grey brown podzolics 0 0 0 0 0 0 0 0 0 0 21/08/2008
784 BOG Peat 1 2 1 0 0 0 0 0 1 0 06/08/2008
789 BOG Peat 1 2 1 1 0 0 0 0 0 0 07/08/2008
811 ROUGH Shallow brown earths 0 0 0 0 0 0 0 0 0 0 07/08/2008
862 PASTURE Grey brown podzolics 0 0 0 0 0 0 0 0 0 0 07/08/2008
872 PASTURE Peat 0 0 0 0 0 0 0 0 0 0 21/08/2008
876 PASTURE Gleys 0 0 0 0 0 0 0 0 0 0 14/08/2008
879 PASTURE Lithosols 1 2 1 0 0 0 1 0 0 0 06/08/2008
907 BOG Peat 1 2 1 0 0 0 1 0 0 0 06/08/2008
931 ARABLE Gleys 0 0 0 0 0 0 0 0 0 0 14/08/2008
953 FOREST B Gleys 0 0 0 0 0 0 0 0 0 0 13/08/2008
956 BOG Peat - - - - - - - - - - 22/08/2008
961 BOG Peat 1 3 1 1 0 0 0 0 0 1 22/08/2008
962 PASTURE Shallow brown earths 1 1 0 1 0 0 0 0 0 0 07/08/2008
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Appendix 1.1. continued: 

N
SD

 site code 

Land use 

Soil Type 

Present/A
bsent 

N
o. of species 

M
yrm

ica scabrinodis 

M
yrm

ica ruginodis 

M
yrm

ica rubra 

M
yrm

ica sabuleti 

Lasius flavus 

Lasius niger 

Lasius platythorax 

Form
ica lem

ani 

Sam
pling date 

982 ROUGH Peat 1 2 1 1 0 0 0 0 0 0 22/08/2008
1044 PASTURE Acid brown earths 1 1 0 0 1 0 0 0 0 0 13/08/2008
1048 ARABLE Gleys 1 1 0 0 0 1 0 0 0 0 13/08/2008
1071 ROUGH Peat 0 0 0 0 0 0 0 0 0 0 22/08/2008
1092 ARABLE Acid brown earths 0 0 0 0 0 0 0 0 0 0 12/08/2008
1102 PASTURE Podzols 0 0 0 0 0 0 0 0 0 0 10/08/2008
1116 ARABLE Acid brown earths 0 0 0 0 0 0 0 0 0 0 12/08/2008
1158 PASTURE Acid brown earths 0 0 0 0 0 0 0 0 0 0 12/08/2008
1176 PASTURE Gleys 0 0 0 0 0 0 0 0 0 0 12/08/2008
1194 BOG Peat 0 0 0 0 0 0 0 0 0 0 21/08/2008
1319 PASTURE Brown podzolics 0 0 0 0 0 0 0 0 0 0 11/08/2008
1333 ARABLE Brown podzolics 0 0 0 0 0 0 0 0 0 0 11/08/2008
1347 PASTURE Lithosols 0 0 0 0 0 0 0 0 0 0 11/08/2008
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Appendix 1.2. Data set for chapter 3 
 

  
Site code 

      
Irish G

rid 

M
yrm

ica scabrinodis 

M
.sabuleti 

M
.rubra 

M
.ruginodis 

M
.schencki 

Leptothorax acervorum
 

Stenam
m

a debile 

Tetram
orium

 caespitum
 

Lasius niger 

Lasius platythorax 

Lasius flavus 

Lasius m
ixtus 

Lasius fuliginosus 

Form
ica fusca 

Form
ica lem

ani 

N
o. of species 

A1 M 411 000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
A2 M 426 976 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
A3 M 407 999 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
A4 M 423 076 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
A5 R 765 540 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CG1 R 281 482 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 3
CG2 R 262 501 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 3
CG3 R 431 546 1 0 1 1 0 0 0 0 0 0 1 0 0 0 0 4
CG4 M 164 083 1 1 0 1 0 0 0 0 0 1 1 0 0 0 1 6
CG5 M 206 024 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 3
CG6 M 329 039 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 2
CG7 M 391 997 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 2
CG8 M 226 136 1 0 0 1 0 0 0 0 1 0 0 0 0 0 0 3
CG9 R 239 939 1 0 0 0 0 1 0 0 0 0 1 0 0 0 0 3
CG10 R 302 944 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0 3
CY1 R 615 581 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1
CY2 M 295 254 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1
CY3 R 338 771 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1
CY4 M 299 259 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1
CY5 R 561 547 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1
LP1 R 296 507 1 1 0 1 1 1 0 0 0 1 1 1 0 0 1 9
LP2 M 090 024 1 1 0 1 0 1 0 0 0 1 1 0 0 0 1 7
LP3 R 281 920 0 0 1 1 1 0 0 0 0 1 0 0 0 0 1 5
LP4 R 344 956 1 1 0 1 1 0 1 0 0 1 1 1 0 0 1 9
LP5 R 380 967 1 1 0 1 1 0 0 0 0 1 1 0 0 0 1 7
LP6 M 205 100 1 1 0 1 0 1 0 0 0 0 1 0 0 0 1 6
LP7 R 311 944 1 1 0 1 1 1 0 0 0 1 1 0 0 0 1 8
LP8 M 260 076 1 1 0 1 0 1 0 0 0 1 1 0 0 0 1 7
LP9 M 445 136 1 0 0 1 0 0 0 0 0 1 1 0 0 0 0 4
LP10 M 159 682 1 1 0 1 0 1 0 0 1 0 1 0 0 0 1 7
R1 R 412 780 1 0 1 1 0 0 0 0 0 1 0 0 0 0 0 4
R2 R 758 577 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1
R3 R 763 543 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1
R4 L 786 349 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1
R5 M 411 036 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1
S1 M 252 228 1 0 0 0 0 0 0 0 1 0 1 0 0 0 0 3
S2 M 185 227 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 2
S3 M 098 221 1 0 0 0 0 0 0 0 1 0 1 0 0 0 0 3
S4 L 694 385 0 1 1 0 0 0 0 0 1 0 1 0 1 0 0 5
S5 L 572 560 1 0 1 0 0 0 0 0 0 0 1 0 0 0 0 3
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Appendix 1.2. 
continued 
 

  
Site code 

     
Irish G

rid 

M
yrm

ica scabrinodis 

M
.sabuleti 

M
.rubra 

M
.ruginodis 

M
.schencki 

Leptothorax acervorum
 

Stenam
m

a debile 

Tetram
orium

 caespitum
 

Lasius niger 

Lasius platythorax 

Lasius flavus 

Lasius m
ixtus 

Lasius fuliginosus 

Form
ica fusca 

Form
ica lem

ani 

N
o. of species 

S6 L 858 219 1 1 0 1 0 0 0 0 1 1 0 0 0 0 0 5
S7 Q 992 688 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
S8 M 139 092 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 2
S9 R 088 886 1 0 0 1 1 1 0 0 0 1 1 0 0 0 1 7
S10 R 034 774 1 0 0 1 1 1 0 0 0 1 1 0 0 0 1 7
SC1 R 240 968 1 0 0 1 0 1 0 0 0 0 1 0 0 0 1 5
SC2 M 273 013 1 1 0 1 0 0 0 0 0 1 1 0 0 0 0 5
SC3 R 329 986 1 1 0 1 0 0 0 0 0 0 1 0 0 0 1 5
SC4 R 392 036 1 1 0 1 0 0 0 0 0 1 1 0 0 0 1 6
SC5 R 531 432 1 1 1 1 0 0 0 0 0 0 0 0 0 0 1 5
W1 R 412 937 0 0 0 1 0 0 0 0 0 1 1 0 0 0 0 3
W2 R 758 235 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 2
W3 R 381 797 1 0 0 1 0 0 0 0 0 1 0 0 0 0 0 3
W4 R 655 379 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 2
W5 R 386 514 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
W6 R 381 531 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
W7 L 236 096 1 0 0 0 0 1 0 0 1 0 0 0 0 0 1 4
W8 L 738 386 1 0 0 1 0 1 0 0 1 0 1 1 0 0 1 7
W9 R 296 940 1 0 1 1 0 0 0 0 0 1 0 0 0 0 0 4
W10 R 712 579 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 2
WB1 R 489 621 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
WB2 R 449 447 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1
WB3 R 308 949 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
WB4 R 307 959 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
WB5 R 328 995 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
WB6 R 379 122 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
WB7 R 401 492 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
WB8 R 730 599 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
WB9 R 276 625 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
WB10 R 354 866 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1
WC1 R 242 963 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
WC2 R 758 576 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
WC3 M 216 176 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
WC4 R 196 166 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 2
WC5 M 174 777 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
WC6 R 236 704 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
WC7 R 349 950 1 0 0 1 1 0 0 0 0 1 1 0 0 1 1 7
WC8 L 786 349 0 0 0 1 0 0 0 0 0 1 0 0 0 0 1 3
WC9 R 737 566 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1
WC10 R 759 573 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Appendix 1.3. Soil physical and chemical data for Chapter 4 
Label SOM WC N C H S Co Cu K  LR Mg Mn Mn (Total) P pH Zn 

FB 0 m 1 75.41 51.49 0.95 11.25 2.00 2.39 7.41 3.19 61.6 
-

1.5 161.2 600 1493 23 6.54 5.51 
FB 1 m 1 86.02 34.33 0.77 7.02 1.56 2.10 10.57 3.82 41.5 6 119.6 600 1983 8.3 5.53 3.85 

FB 5 m 1 76.70 44.31 1.03 10.97 1.75 2.07 7.62 3.524 177 
-

4.5 175.4 600 1313 39.4 6.89 11.51 
FB 0 m 2 76.98 46.89 1.09 10.28 1.90 2.11 7.85 3.486 45.4 4.5 119.6 600 2200 18.7 5.67 6.42 
FB 1 m 2 80.56 42.86 1 9.37 1.76 2.09 9.09 2.677 232.3 5.5 179.5 600 2400 16.6 5.69 6.37 
FB 5 m 2 77.30 43.37 1.36 12.96 2.21 2.11 7.31 4.281 73.5 3.5 170.3 600 1587 31 5.85 10.09 
FB 0 m 3 73.26 48.61 1.2 11.6 1.92 2.01 6.6 3.662 86.1 3.5 184.6 600 2400 40.1 5.99 13.94 
FB 1 m 3 75.38 47.79 1.51 14 2.31 2.06 6.61 3.503 161.8 4.5 191.7 600 2300 28.3 5.91 13.83 
FB 5 m 3 87.02 32.74 0.68 6.45 1.36 1.83 8.51 3.543 76 6 135.8 600 1550 12.9 5.53 5.82 
FB 0 m 4 77.42 44.42 1.44 13.42 2.23 1.98 7.46 3.892 190.7 5.5 187.6 600 2400 36.7 5.64 15.89 
FB 1 m 4 78.81 46.31 1.39 12.39 2.15 1.94 6.69 4.165 97.3 2.5 228.4 600 2300 42.8 6.01 15.42 
FB 5 m 4 79.82 55.84 1.19 11.46 2.02 1.83 8.09 2.628 98.1 3.5 211 600 1603 22.9 5.71 4.50 
FB 0 m 5 76.21 50.30 1.26 14.03 2.24 1.81 6.5 7.374 25.4 -1 140.9 600 2198 37.6 6.51 7.64 
FB 1 m 5 74.47 53.09 1.27 11.85 2.05 1.83 7.2 4.025 52.7 4.5 182.5 600 2200 19 5.82 6.50 
FB 5 m 5 89.20 35.59 0.58 6.46 1.40 1.61 7.8 1.887 189.5 10 126.7 351 883 5 4.65 1.67 
FB 0 m 6 83.06 39.80 0.98 9.17 1.70 1.67 7.9 3.024 71.7 7.5 210 600 2100 14.7 5.44 7.81 
FB 1 m 6 87.57 32.40 0.81 8.03 1.51 1.60 7 2.846 90.2 10 209 600 1684 14 4.98 7.62 
FB 5 m 6 89.57 31.27 0.53 5.28 1.21 1.50 7.2 8.425 13.6 4.5 165.2 600 2100 9.7 5.71 6.76 
FB 0 m 7 81.45 45.11 1.08 12.13 1.98 1.60 6.9 6.641 56.7 5 138.8 600 2200 11 5.72 11.97 
FB 1 m 7 79.12 45.73 1.11 10.12 1.80 1.62 6.8 5.495 58.5 4.5 144.9 600 2300 22.2 5.81 15.52 
FB 5 m 7 84.03 42.28 0.87 7.47 1.44 1.54 6.7 5.067 36.5 6 109.5 600 2115 15.8 5.69 10.02 
FB 0 m 8 80.94 44.29 1.06 9.45 1.73 1.55 8.8 4.334 39.1 2.5 114.5 600 2300 18.7 6.1 14.62 
FB 1 m 8 79.78 45.60 1.24 10.44 1.85 1.54 7.8 4.267 80.4 9 114.5 600 2200 17.2 5.34 15.98 
FB 5 m 8 86.62 37.57 0.74 6.33 1.30 1.43 6.9 5.12 84.6 9 115.5 600 2100 12.4 5.19 12.38 
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Appendix 1.3. continued 

Label SOM WC N C H S Co Cu K  LR Mg Mn Mn (Total) P pH Zn 
FB 0 m 9 76.00 50.00 1.32 12.52 2.03 1.68 6.2 5.189 52.3 2 170.3 600 1998 41.4 6.03 16.40 
FB 1 m 9 80.51 45.71 1 9.57 1.68 1.59 7.2 5.79 21.4 3 147 600 2200 27.3 5.96 15.69 
FB 5 m 9 83.73 41.24 0.93 8.21 1.54 1.54 9.2 5.421 49.3 8 272.3 600 2200 15.9 5.49 13.84 
FB 0 m 10 81.98 43.63 1 8.44 1.64 1.54 10.5 4.199 28 2.5 193.7 600 2200 16.5 5.88 11.77 
FB 1 m 10 81.34 43.20 1.01 9.51 1.68 1.51 8.1 4.654 31.2 4 162.2 600 2300 19 5.79 10.52 
FB 5 m 10 85.86 39.20 0.81 8.22 1.48 1.42 9.7 3.865 148.5 5.5 166.3 600 1283 11.8 5.48 6.09 
B 0 m 1 83.73 40.88 0.71 7.63 1.48 1.45 20.5 2.571 279.7 6 124.6 600 1909 4.1 5.52 3.04 
B 1 m 1 84.90 40.64 0.67 6.94 1.45 1.40 19.5 2.34 316.1 6.5 184.6 600 2059 6 5.42 3.77 
B 5 m 1 82.88 41.37 0.76 7.83 1.57 1.45 17.6 2.308 199.8 8 186.6 600 1695 4.4 5.19 3.77 
B 0 m 2 68.78 55.62 1.54 15.96 2.53 1.57 14.2 2.79 307.9 1.5 386.4 600 1820 17.1 6.1 7.90 
B 1 m 2 73.88 51.00 1.3 13.61 2.24 1.56 14.8 2.671 498 5.5 311.3 600 1584 8.5 5.71 6.94 
B 5 m 2 72.61 51.99 1.36 14.61 2.38 1.52 11.5 2.611 312.7 6 224.3 600 1214 10.7 5.53 6.21 
B 0 m 3 65.44 56.60 1.9 19.09 2.86 1.68 11.8 2.933 283.9 0.5 463 600 1687 94.6 6.26 14.69 
B 1 m 3 60.00 59.08 1.96 19.69 2.91 1.61 8.8 5.88 552 5.5 368.9 600 1450 86.8 5.75 600.00 
B 5 m 3 57.29 60.04 2.07 23.29 3.26 1.76 8.9 4.812 148.8 5.5 580.7 600 1303 223 5.89 16.00 
B 0 m 4 71.19 51.50 1.5 14.67 2.38 1.58 10.1 2.202 176.5 -5 418.5 600 2005 29.7 7.07 8.77 
B 1 m 4 39.58 52.10 1.74 17.06 2.64 1.59 10.6 2.503 658 2.5 387.5 600 1781 28.5 6.07 9.68 
B 5 m 4 64.47 54.49 1.85 17.86 2.71 1.62 10 3.976 988 4.5 294.9 600 1521 43.3 5.9 16.88 
B 0 m 5 63.56 55.18 1.86 19.77 2.92 1.63 9.8 3.755 290.9 1 339 600 1541 65.5 6.17 15.23 
B 1 m 5 61.19 56.37 1.96 20.65 3.00 1.65 8 3.681 429 1.5 479.6 600 1377 164 6.21 16.00 
B 5 m 5 63.95 53.40 1.82 17.96 2.71 1.60 8.5 3.319 604 5 372 600 1287 71.1 5.83 15.46 
B 0 m 6 81.40 42.77 0.73 7.63 1.50 1.33 13.1 5.629 43.7 0.5 195.8 620 2300 6.9 6.15 3.63 
B 1 m 6 77.48 47.60 0.99 12.44 1.97 1.36 11.2 7.208 113.9 0.5 175.4 650 1527 10.9 6.02 3.41 
B 5 m 6 73.89 54.98 1.24 14.06 2.16 1.47 10.1 2.375 197.1 6 401.9 610 1282 29.8 5.34 6.36 
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Appendix 1.3. continued 

Label SOM WC N C H S Co Cu K  LR Mg Mn Mn (Total) P pH Zn 
B 0 m 7 70.39 53.49 1.33 15.52 2.46 2.06 11.5 1.853 701 4.5 298 630 1253 29.4 5.53 6.72 
B 1 m 7 79.34 45.91 0.93 10.22 1.91 1.87 13.4 1.449 55.2 6.5 225.3 610 1454 7.6 5.44 2.75 
B 5 m 7 81.75 43.23 1.01 10.89 2.00 1.76 12.2 1.94 56.1 7.5 231.4 640 1712 7.2 5.34 3.67 
B 0 m 8 74.71 48.70 1.3 13.71 2.30 1.85 13.6 2.504 197.4 5.5 304.1 650 1598 21.4 5.79 5.92 
B 1 m 8 78.07 46.63 1.05 10.2 1.92 1.76 15 2.683 69.1 6 274.4 620 2032 9.1 5.55 4.91 
B 5 m 8 79.17 42.40 0.76 8.42 1.54 1.65 10.7 2.255 139.4 7 201.9 650 1315 9.6 5.52 4.39 
B 0 m 9 72.12 54.71 1.29 13.6 2.26 1.78 8.7 3.107 702 5.5 303.1 640 0 19.4 5.8 6.69 
B 1 m 9 62.81 60.36 1.52 16.92 2.60 1.87 12.5 2.15 763 3 372 620 1724 60.7 5.84 7.88 
B 5 m 9 72.50 52.00 1.27 13.21 2.22 1.74 12.5 2.082 221.6 5 345.2 630 1428 15.4 5.49 5.73 
B 0 m 10 71.24 53.77 2.88 22.38 3.47 1.95 11.06 2.621 189.9 -0.5 320.5 610 2049 34.4 6.41 7.50 
B 1 m 10 71.66 50.60 1.6 16.76 2.62 1.81 12.88 2.41 826 8.5 289.8 640 1435 26.9 5.23 9.03 
B 5 m 10 78.68 45.92 1.03 11.19 1.99 1.61 14.2 2.142 122.4 7.5 211 650 1214 10.7 5.28 4.14 
F 0 m 1 72.12 54.89 1.9 21.09 3.14 1.88 12.7 4.649 62 3 214.1 324 763 42.1 5.86 10.02 
F 1 m 1 86.17 43.37 0.72 7.01 1.39 1.56 14 5.156 34.2 8 94.3 350 685 11.9 5.01 5.32 
F 5 m 1 85.19 46.00 0.81 8.1 1.50 1.53 11.6 4.501 113.3 15 139.9 244 459 13.3 4.49 6.89 
F 0 m 2 80.95 49.90 0.91 10.05 1.78 1.58 12.2 4.368 20.7 8.5 197.8 60 754 17.3 5.23 4.13 
F 1 m 2 78.80 50.00 1 10.53 1.84 1.61 12.5 3.509 12.8 10.5 141.9 392 868 14.5 5.01 4.38 
F 5 m 2 79.17 47.20 1.01 10.54 1.85 1.58 12 3.294 50.8 12.5 139.9 325 640 16.5 4.9 4.12 
F 0 m 3 71.98 53.41 1.49 14.22 2.25 1.70 10.2 4.317 40 4 219.2 385 782 42.1 5.64 7.90 
F 1 m 3 76.38 49.30 1.23 11.26 1.92 1.63 11.6 5.183 28.2 8 184.6 610 837 31.4 5.28 10.02 
F 5 m 3 77.11 50.10 1.23 11.48 1.93 1.58 12.3 5.143 25.2 8.5 152 620 823 31.8 5.1 8.99 
F 0 m 4 70.69 53.41 1.43 13.64 2.17 1.60 8.1 3.499 71.9 10.5 216.1 407 780 26.8 5.13 10.59 
F 1 m 4 67.10 53.89 1.69 16.35 2.50 1.70 8.5 2.758 69.6 8.5 176.4 327 811 37 5.33 9.54 
F 5 m 4 70.00 52.10 1.49 13.88 2.21 1.66 9.2 3.08 61.8 8.5 144.9 349 704 22.5 5.41 9.76 
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Appendix 1.3. continued 

Label SOM WC N C H S Co Cu K  LR Mg Mn Mn (Total) P pH Zn 
F 0 m 5 55.68 63.07 2.02 23.11 3.24 1.76 6.7 2.024 102 4 237.6 230 573 68 5.58 9.18 
F 1 m 5 67.76 57.29 0.96 10.95 1.68 1.54 8.8 2.601 52.4 11 241.7 321 620 53.9 5.08 8.17 
F 5 m 5 156.08 41.04 0.49 5.05 1.07 1.34 12.4 2.528 35.8 16.5 123.6 165 295 12.6 4.17 3.94 
F 0 m 6 76.87 46.61 0.82 7.7 1.39 1.40 13.7 5.837 41 5 227.4 295 693 22.5 5.55 9.34 
F 1 m 6 74.59 51.00 1.07 10.92 1.84 1.54 12.4 6.029 46.1 6 233.5 326 610 25.2 5.3 13.84 
F 5 m 6 82.05 45.62 0.94 9.38 1.65 1.50 13.2 8.36 35.2 14 165.2 610 654 24.2 4.83 13.99 
F 0 m 7 83.10 42.23 0.84 8.71 1.57 1.42 14.7 5.011 32.2 6.5 254.9 620 823 19.9 5.55 6.51 
F 1 m 7 83.57 42.69 0.85 7.84 1.51 1.40 15.9 5.402 24.2 5.5 136.8 610 934 11.9 5.58 5.09 
F 5 m 7 82.37 44.51 0.81 8.02 1.49 1.41 15 5.231 26.9 6 209 630 777 16.9 5.71 7.30 
F 0 m 8 78.93 47.80 0.98 9.06 1.60 1.41 8 3.711 45.6 14 202.9 195 318 6.4 4.75 2.68 
F 1 m 8 71.08 50.40 1.39 15.31 2.34 1.62 7.3 2.27 24.8 15.5 218.2 192 363 8 4.67 2.90 
F 5 m 8 78.41 47.20 1.15 11.2 1.81 1.43 7.5 2.169 71.3 14 104.4 97 223 8.9 4.32 3.49 
F 0 m 9 81.91 43.71 0.9 8.18 1.57 1.37 13.9 4.854 25.8 8.5 202.9 389 854 18.5 5.46 7.17 
F 1 m 9 84.38 42.40 0.81 7.56 1.48 1.38 12.6 3.886 63.4 8.5 237.6 303 731 48.9 5.9 11.32 
F 5 m 9 86.77 38.37 0.64 5.74 1.24 1.30 15.6 9.232 56 10.5 180.5 610 695 40.2 5.14 16.00 
F 0 m 10 67.67 53.51 1.63 18.2 2.64 1.58 6 2.171 70.3 5.5 316.4 288 529 36.3 5.72 6.14 
F 1 m 10 79.45 49.40 1 9.38 1.64 1.41 7.4 3.609 18.3 9.5 193.7 600 654 19.7 5.32 6.49 
F 5 m 10 85.61 45.91 0.76 8.21 1.45 1.34 6.4 2.149 94.4 17 176.4 165 265 21.1 4.69 4.83 
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Appendix 1.3. continued 

Label FW JUV JUV_LUM Cocoons fragments Apo_cal Apo_ros All_chl Apo_lon Mur_min Oct_cya Sat_mam 
FB 0 m 1 1.9 17 0 2 3 0 5 3 0 0 0 1 
FB 1 m 1 2.5 15 1 0 5 1 0 1 0 0 0 0 
FB 5 m 1 2.4 13 2 2 0 0 0 3 0 0 0 0 
FB 0 m 2 2.8 13 1 0 1 1 0 0 1 0 0 0 
FB 1 m 2 5.2 12 9 0 4 3 1 0 0 0 0 0 
FB 5 m 2 5.6 8 2 4 3 5 1 5 0 0 0 0 
FB 0 m 3 3.6 21 1 1 3 1 2 1 0 0 0 1 
FB 1 m 3 2 10 1 2 5 1 0 1 1 0 0 0 
FB 5 m 3 2.03 10 4 0 7 2 1 1 1 0 0 0 
FB 0 m 4 2.31 11 0 14 4 1 0 1 0 0 0 0 
FB 1 m 4 2.08 12 2 0 1 0 0 1 0 0 0 0 
FB 5 m 4 4.06 12 2 12 8 3 1 3 0 0 0 0 
FB 0 m 5 4.73 23 2 0 1 1 1 4 1 0 0 0 
FB 1 m 5 6.06 21 0 0 9 2 0 0 1 0 0 2 
FB 5 m 5 3.3 21 1 0 5 0 1 0 0 0 0 0 
FB 0 m 6 3.16 10 0 8 6 0 0 3 1 0 0 0 
FB 1 m 6 4.14 7 2 0 2 0 1 0 2 0 0 0 
FB 5 m 6 4.68 11 0 3 10 1 0 0 1 0 0 0 
FB 0 m 7 1.96 9 0 0 4 0 1 2 1 0 0 0 
FB 1 m 7 3.54 9 1 0 2 1 0 4 1 0 0 1 
FB 5 m 7 2.79 11 2 0 4 1 2 1 0 0 0 0 
FB 0 m 8 1.01 5 0 0 2 1 0 0 0 0 0 0 
FB 1 m 8 1.67 9 1 1 4 0 0 0 0 0 0 1 
FB 5 m 8 1.45 12 0 0 6 0 0 0 0 0 0 0 
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Appendix 1.3. continued 

Label FW JUV JUV_LUM Cocoons fragments Apo_cal Apo_ros All_chl Apo_lon Mur_min Oct_cya Sat_mam 
FB 0 m 9 2.8 15 0 2 4 1 1 0 0 0 0 0 
FB 1 m 9 2.31 16 0 1 7 1 0 0 0 0 0 0 
FB 5 m 9 2.93 9 1 1 2 1 2 1 0 0 0 0 
FB 0 m 10 4.48 11 2 0 6 1 1 4 0 0 0 0 
FB 1 m 10 6.76 12 1 2 3 1 2 2 1 0 1 1 
FB 5 m 10 3.95 19 1 0 5 1 1 2 0 0 0 0 
B 0 m 1 5.57 21 0 6 2 7 3 2 0 0 0 0 
B 1 m 1 4.55 17 0 5 0 5 3 2 0 0 0 0 
B 5 m 1 1.17 7 0 1 0 0 1 0 0 0 0 0 
B 0 m 2 3.96 13 0 1 4 1 1 3 0 0 0 0 
B 1 m 2 2.41 8 2 3 2 0 2 2 0 0 0 0 
B 5 m 2 5.82 18 3 3 2 1 0 4 0 0 0 0 
B 0 m 3 2.58 15 2 8 1 0 0 8 0 0 0 0 
B 1 m 3 6.73 17 1 49 1 4 1 5 1 0 0 0 
B 5 m 3 8.02 28 2 51 10 4 2 2 0 0 0 0 
B 0 m 4 3.84 34 2 12 8 1 0 6 0 0 0 0 
B 1 m 4 9.05 19 2 40 8 2 0 13 1 0 0 0 
B 5 m 4 4.74 28 4 2 13 2 0 0 0 0 0 0 
B 0 m 5 6.44 11 4 18 1 2 0 3 0 0 0 2 
B 1 m 5 3.92 4 2 10 0 2 1 8 0 0 0 0 
B 5 m 5 0.68 0 2 2 1 0 0 2 0 0 0 0 
B 0 m 6 3.63 27 0 10 1 0 3 2 0 0 0 0 
B 1 m 6 4.37 9 0 8 12 0 1 8 0 0 0 0 
B 5 m 6 4.06 11 2 4 6 0 1 2 0 0 0 0 

 
 
 
 
 



  
 
 

 
 
 

126

Appendix 1.3. continued 

Label FW JUV JUV_LUM Cocoons fragments Apo_cal Apo_ros All_chl Apo_lon Mur_min Oct_cya Sat_mam 
B 0 m 7 3.57 22 1 0 1 0 0 0 0 0 0 0 
B 1 m 7 1.44 17 1 3 2 0 0 0 0 0 0 0 
B 5 m 7 3.22 18 0 4 7 1 1 2 0 0 0 0 
B 0 m 8 1.03 5 1 5 5 0 1 0 0 0 0 0 
B 1 m 8 3.31 13 2 13 3 0 1 1 1 0 0 0 
B 5 m 8 2.69 7 0 14 3 3 0 1 0 0 0 0 
B 0 m 9 3.26 21 0 4 4 1 1 1 0 0 0 0 
B 1 m 9 7.01 18 7 8 8 0 1 0 0 0 0 0 
B 5 m 9 5.58 32 0 7 6 1 2 3 0 0 0 0 
B 0 m 10 5.48 34 7 8 13 2 7 2 0 0 0 0 
B 1 m 10 1.74 11 0 11 2 2 4 0 0 0 0 0 
B 5 m 10 1.8 8 0 5 4 1 1 0 0 0 0 0 
F 0 m 1 3.22 20 2 5 1 0 2 0 0 0 0 0 
F 1 m 1 4.79 40 4 1 0 0 0 0 0 0 0 0 
F 5 m 1 4.99 28 0 0 3 3 0 0 0 0 0 0 
F 0 m 2 3.3 26 2 1 8 2 2 2 0 3 0 0 
F 1 m 2 3.62 18 0 1 7 0 0 0 0 0 0 0 
F 5 m 2 1.54 11 3 5 2 0 1 2 0 0 0 0 
F 0 m 3 2.62 16 3 5 1 1 2 1 1 0 0 0 
F 1 m 3 5.91 11 2 7 1 0 3 1 0 0 1 1 
F 5 m 3 3.41 17 1 3 1 1 3 1 0 0 0 0 
F 0 m 4 3.78 18 1 4 4 0 1 1 0 0 0 0 
F 1 m 4 2.17 15 1 9 5 0 0 0 0 0 0 0 
F 5 m 4 1.43 12 1 8 1 1 0 1 0 0 0 0 
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Appendix 1.3. continued 

Label FW JUV JUV_LUM Cocoons fragments Apo_cal Apo_ros All_chl Apo_lon Mur_min Oct_cya Sat_mam 
F 0 m 5 4.45 29 2 2 1 1 0 3 0 0 0 0 
F 1 m 5 5.57 47 3 4 9 0 0 1 0 0 0 0 
F 5 m 5 4.44 23 0 0 2 2 0 1 0 0 0 0 
F 0 m 6 3.56 15 1 14 2 4 1 1 0 0 0 0 
F 1 m 6 1.18 7 1 2 2 0 1 1 0 0 0 0 
F 5 m 6 3.7 28 1 1 1 1 0 1 0 0 0 0 
F 0 m 7 3.52 8 0 5 2 0 3 2 0 0 2 0 
F 1 m 7 1.34 12 0 4 1 0 1 1 0 0 0 0 
F 5 m 7 0.84 10 0 7 0 0 1 0 0 0 0 0 
F 0 m 8 3.57 12 2 12 4 0 7 1 0 0 0 0 
F 1 m 8 2.64 14 0 12 4 2 0 0 0 0 0 0 
F 5 m 8 2.52 19 0 5 10 0 1 0 0 0 0 0 
F 0 m 9 2.07 11 1 1 0 0 3 0 0 0 0 0 
F 1 m 9 2.22 11 2 2 2 1 1 0 0 0 0 0 
F 5 m 9 5.29 20 0 3 1 2 2 0 0 0 0 0 
F 0 m 10 2.26 9 3 6 6 0 2 1 0 0 0 0 
F 1 m 10 5.13 23 2 4 4 1 4 1 0 0 0 0 
F 5 m 10 3.83 26 0 2 4 0 1 0 0 0 0 0 
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Appendix 1.3. continued 

Label Lum_rub Lum_cas Lum_fes Ewtotal Species anoecic endogaeic epigaeic
FB 0 m 1 0 0 0 29 3 0 8 1 
FB 1 m 1 0 0 0 20 2 0 2 0 
FB 5 m 1 0 0 0 26 1 0 3 0 
FB 0 m 2 0 1 0 19 3 1 1 1 
FB 1 m 2 0 1 0 29 3 0 4 1 
FB 5 m 2 0 0 0 32 4 0 11 0 
FB 0 m 3 0 1 0 32 5 0 4 2 
FB 1 m 3 0 0 0 20 3 1 2 0 
FB 5 m 3 0 0 0 27 4 1 4 0 
FB 0 m 4 0 0 1 32 3 0 2 1 
FB 1 m 4 0 0 1 21 2 0 1 1 
FB 5 m 4 0 0 0 42 3 0 7 0 
FB 0 m 5 0 1 0 38 5 1 6 1 
FB 1 m 5 0 0 0 32 3 1 2 2 
FB 5 m 5 0 0 0 33 1 0 1 0 
FB 0 m 6 0 0 0 28 2 1 3 0 
FB 1 m 6 0 0 0 19 2 2 1 0 
FB 5 m 6 0 0 0 27 2 1 1 0 
FB 0 m 7 0 0 0 20 3 1 3 0 
FB 1 m 7 0 0 0 25 4 1 5 1 
FB 5 m 7 0 0 0 29 3 0 4 0 
FB 0 m 8 0 0 0 14 1 0 1 0 
FB 1 m 8 1 0 0 22 2 0 0 2 
FB 5 m 8 0 0 0 25 0 0 0 0 
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Appendix 1.3. continued 

Label Lum_rub Lum_cas Lum_fes Ewtotal Species anoecic endogaeic epigaeic
FB 0 m 9 0 0 0 28 2 0 2 0 
FB 1 m 9 0 0 0 28 1 0 1 0 
FB 5 m 9 1 0 0 30 4 0 4 1 
FB 0 m 10 0 0 1 30 4 0 6 1 
FB 1 m 10 0 0 0 34 6 1 6 1 
FB 5 m 10 0 0 0 39 3 0 4 0 
B 0 m 1 0 0 0 40 3 0 12 0 
B 1 m 1 0 0 0 34 3 0 10 0 
B 5 m 1 0 0 0 15 1 0 1 0 
B 0 m 2 0 0 0 21 3 0 5 0 
B 1 m 2 0 0 0 20 2 0 4 0 
B 5 m 2 0 0 0 36 2 0 5 0 
B 0 m 3 0 0 0 36 1 0 8 0 
B 1 m 3 0 0 0 82 4 1 10 0 
B 5 m 3 0 0 0 97 3 0 8 0 
B 0 m 4 0 0 0 59 2 0 7 0 
B 1 m 4 0 0 0 82 3 1 15 0 
B 5 m 4 0 0 0 45 1 0 2 0 
B 0 m 5 3 0 0 48 4 0 5 5 
B 1 m 5 0 0 0 33 3 0 11 0 
B 5 m 5 0 0 0 16 1 0 2 0 
B 0 m 6 0 0 0 48 2 0 5 0 
B 1 m 6 0 0 0 33 2 0 9 0 
B 5 m 6 0 0 0 31 2 0 3 0 
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Appendix 1.3. continued 

Label Lum_rub Lum_cas Lum_fes Ewtotal Species anoecic endogaeic epigaeic
B 0 m 7 0 0 0 30 0 0 0 0 
B 1 m 7 0 0 0 29 0 0 0 0 
B 5 m 7 0 0 0 38 3 0 4 0 
B 0 m 8 0 0 0 20 1 0 1 0 
B 1 m 8 0 0 0 40 3 1 2 0 
B 5 m 8 0 0 0 38 2 0 4 0 
B 0 m 9 0 0 0 37 3 0 3 0 
B 1 m 9 0 0 0 44 1 0 1 0 
B 5 m 9 0 0 0 59 3 0 6 0 
B 0 m 10 0 0 0 70 3 0 11 0 
B 1 m 10 0 0 0 39 2 0 6 0 
B 5 m 10 0 0 0 30 2 0 2 0 
F 0 m 1 0 0 0 30 1 0 2 0 
F 1 m 1 1 0 0 48 1 0 0 1 
F 5 m 1 0 0 0 37 1 0 3 0 
F 0 m 2 0 0 0 40 4 0 9 0 
F 1 m 2 1 0 0 23 1 0 0 1 
F 5 m 2 0 0 0 29 2 0 3 0 
F 0 m 3 0 0 0 32 4 1 4 0 
F 1 m 3 0 0 0 30 4 0 5 1 
F 5 m 3 0 0 0 34 3 0 5 0 
F 0 m 4 0 0 0 29 2 0 2 0 
F 1 m 4 0 0 0 30 0 0 0 0 
F 5 m 4 0 0 0 32 2 0 2 0 
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Appendix 1.3. continued 

Label Lum_rub Lum_cas Lum_fes Ewtotal Species anoecic endogaeic epigaeic
F 0 m 5 0 0 0 42 2 0 4 0 
F 1 m 5 0 0 0 61 1 0 1 0 
F 5 m 5 0 0 0 36 2 0 3 0 
F 0 m 6 0 0 0 42 3 0 6 0 
F 1 m 6 0 0 0 19 2 0 2 0 
F 5 m 6 0 0 0 43 2 0 2 0 
F 0 m 7 0 0 0 27 3 0 7 0 
F 1 m 7 0 0 0 26 2 0 2 0 
F 5 m 7 0 0 0 30 1 0 1 0 
F 0 m 8 0 0 0 42 2 0 8 0 
F 1 m 8 0 0 0 37 1 0 2 0 
F 5 m 8 0 0 0 38 1 0 1 0 
F 0 m 9 0 0 0 25 3 0 3 0 
F 1 m 9 1 0 0 28 3 0 2 1 
F 5 m 9 0 0 0 41 2 0 4 0 
F 0 m 10 0 0 0 31 2 0 3 0 
F 1 m 10 0 0 0 46 3 0 6 0 
F 5 m 10 0 0 0 44 1 0 1 0 
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Appendix 1.4. Stable isotope levels, raw data for Chapter 5 
 

Organism δ15N  δ13C 
 Sampling 

Date 
  Mean n SE Mean n SE  
Bombus lapidarius 4.25 2.00 0.05 -26.57 2.00 0.11 3 
Bombus pascorum  4.76 2.00 0.06 -26.13 2.00 0.31 3 
Pteridium  -1.42 3.00 0.66 -24.79 3.00 0.98 1,2 
Eumenidae 7.34 1.00 0.00 -25.81 1.00 0.00 3 
Euphrasia -4.20 1.00 0.00 -31.15 1.00 0.00 3 
Glomeris  -3.02 4.00 0.22 -25.07 4.00 0.21 1,3 
Festuca -0.98 2.00 0.50 -27.64 2.00 0.34 2 
Helicella itala -4.26 3.00 0.14 -17.64 3.00 0.70 1,2,3 
Oniscus -0.86 3.00 0.61 -24.01 3.00 0.51 2,3 
Juniperus communis -5.19 3.00 0.52 -26.57 3.00 0.36 1,2,3 
Coccinella imago -2.45 1.00 0.00 -25.03 1.00 0.00 2 
Coccinella larva 4.87 1.00 0.00 -29.07 1.00 0.00 1 
Agarimycetidae 11.97 1.00 0.00 -26.05 1.00 0.00 3 
Staphylinidae (Ocypus) 4.00 1.00 0.00 -27.38 1.00 0.00 2 
Staphylinidae 4.77 1.00 0.00 -26.93 1.00 0.00 3 
Syrphidae (Melanostoma) 3.10 1.00 0.00 -26.57 1.00 0.00 3 
Syrphidae (Platycheirus) 4.00 1.00 0.00 -27.27 1.00 0.00 3 
Thymus  -2.23 5.00 0.47 -29.61 5.00 0.35 1,2,3 
Aglais 14.77 1.00 0.00 -29.08 1.00 0.00 3 
Formica lemani 1.87 29.00 0.12 -25.09 29.00 0.08 1,2,3 
Lasius flavus 3.50 28.00 0.13 -26.34 28.00 0.10 1,2,3 
Lasius platythorax  1.91 30.00 0.14 -25.54 30.00 0.08 1,2,3 
Myrmica sabuleti  2.28 45.00 0.15 -25.63 45.00 0.08 1,2,3 
Myrmica schenki 1.59 1.00 0.00 -24.77 1.00 0.00 3 
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Abstract 

Important steps in developing reliable bioindicators for soil quality are characterising soil 

biodiversity and determining the response of its components to environmental factors across a 

range of land uses and soil types. Baseline data from a national survey in Ireland were used to 

explore relationships between diversity and composition of microorganisms (bacteria, fungi, 

mycorrhiza), microfauna (nematodes, mites), and macrofauna (earthworms, ants) across a 

general gradient representing dominant land uses (arable, pasture, rough-grazing, forest and 

bogland). These diversity data were also linked to soil physico-chemical properties. 

Differences in diversity and composition of meso- and macrofauna, but not microbes, were 

clear between agriculturally-managed (arable and pasture) and extensively-managed (rough-

grazing and bogland) soils corresponding to a broad division between ‘mineral’ and ‘organic’ 

soils. The abundance, richness and similarity of nematode and earthworm taxa were 

significantly congruent with a number of the other groups. Further analysis, using significant 

indicator species from each group, identified potential target taxa and linked them to soil 

environmental gradients. This study suggests that there is potential surrogacy between the 

biodiversity of key soil taxa groups and that different sets of bioindicators may be most 

effective under agricultural and extensive land use. 

 

Keywords: Soil monitoring, land use, biodiversity, physico-chemical gradients, 

bioindicators, soil community structure. 
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1. Introduction 

Large-scale soil monitoring schemes that include biological measurements are already 

established in many European countries [e.g. 4,29,32]. These are important in detecting 

impacts of broader environmental changes but also in assessing more specific effects of land 

management practices on soil organisms and the ecosystem services they support. The EU 

thematic strategy on soil protection has identified major threats to soil quality and 

biodiversity [8]. However, no integrated EU-wide programme of biological monitoring exists 

and therefore recent impetus has been towards a reliable and harmonised programme across 

different countries [1,23,31,37]. 

 While the advantages of a harmonised system are clear it is challenging to reach 

consensus on which groups of taxa, or particular “keystone” taxa, act as good indicators of 

soil quality and should be monitored [1,30]. Indeed, there are different types of bioindicator 

and the appropriate measures may depend on whether the need is for an indicator of soil 

biodiversity itself, the ecological soil status, or an environmental change imposed on the soil 

ecosystem [21]. A number of studies have examined cross-taxon congruency in aquatic 

systems e.g. [3,15] and aboveground terrestrial systems [19,24,33], but such assessments for 

belowground biodiversity are scarce. This type of assessment can subsequently be used to 

identify potential surrogacy in soil bioindicators. Understanding how the diversity of different 

groups of soil taxa may provide information on the quality and status of soils remains a 

challenge, because for many ecosystems we lack biological typologies and the opportunity 

for comparative analyses. Consequently, an important step in developing reliable 

bioindicators for soil health is the characterisation of soil biodiversity and then determining 

the response of its components to environmental factors across a range of land uses and soil 

types.  
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Systematic biodiversity surveys require co-located data including a representative 

range of soil taxa, covering dominant land use and soil types over an extensive geographical 

area in order to make inferences about potential soil bioindicators. Here, we use data from a 

national survey of soil biodiversity carried out in Ireland to a) characterise soil taxa 

assemblages across five major land uses (classified as arable, pasture, forest, rough-grazing 

and bogland), b) examine how abundance, richness and composition of different major 

groups of soil taxa are related to each other across land uses, and c) determine potential 

indicator taxa for land use and management and their relationship with soil environmental 

factors. 

 

2. Material and Methods 

2.1 National soil biodiversity survey 

A baseline soil biodiversity survey (CréBeo project) was undertaken to contribute to the 

development of a national soil monitoring network in Ireland. This was linked with an earlier 

initiative in soil chemical monitoring, the National Soil Database (NSD) project [11], which 

contains site information, a suite of chemical soil measurements and GIS-supported mapping 

for 1310 locations. A sub-set of the NSD sites was selected, based on a number of criteria 

including the inclusion of major land use classes and soil types in proportion to their known 

frequency in Ireland and geographical spread. In total, 61 sites were sampled during the soil 

biodiversity survey including arable (n=14), pasture (n=21), forest (n=10; 5 each of 

coniferous and broadleaved forest), rough grazing (n=8) and bogland (n=8) land use classes 

(Table 1; Supplementary Figure A1). The major soil types were classified following Gardiner 

and Radford [12] and included: Acid brown earths (n=10), shallow brown earths (n=3), 

brown podzolics (n=9), grey-brown podzolics (n=10), podzolics (n=3), gleys (n=10), 

lithosols (n=3) and peats (n=13). Soil data held in the NSD were utilised to examine 
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relationships between physico-chemical properties and soil taxa. Much of these soil data was 

produced by the Soil-C project [17] which had 55 sites in common with the present soil 

biodiversity baseline survey. 

 

2.2 Sampling and processing of soil organisms  

Each site was located using GPS coordinates from the NSD [11] and a 20 m × 20 m plot was 

centered on the GPS coordinates at each site. Specific sampling protocols for the different 

groups of soil taxa were employed within this plot as briefly outlined below (see 

Supplementary File A for detailed methods): 

1. Soil bacteria and fungi were surveyed at all sites. Twenty soil cores (20 cm depth) were 

collected and bulked per site, sieved (4 mm) and stored at –20ºC for DNA extraction.  

Molecular fingerprinting techniques were used to assess general bacterial and fungal 

diversity. 

2. Arbuscular mycorrhizal fungi (AMF) were surveyed within 45 NSD locations in 2006. 

Bulked soil samples (20 soil cores pooled, 20 cm depth from 1.)were used for bioassays with 

Trifolium repens L. (white clover) and molecular fingerprinting techniques were used to 

characterise the AMF diversity in the plant roots. Ericoid and ecto-mycorrhizal fungi were 

also sampled in relevant land uses (e.g. ecto-mycorrhiza in forest sites) but are not reported 

here. 

3. Nematodes were surveyed at all sites by sugar centrifugation extraction from a 100 cm3 

sub-sample of bulked soil (20 soil cores pooled, 20 cm depth obtained from 1.). Nematodes 

were counted to estimate abundance and approximately 100 nematodes were identified for 

each site to at least genus level (with the exception of Rhabditidae and Neodiplogasteridae).  
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4. Micro-arthropods (Collembola and Acari) were extracted from 4 intact soil cores (5 cm 

diameter, 5 cm depth) per site using a Kempson apparatus. Oribatid (mainly detritivorous) 

and mesostigmatid (Predatory) mites were sorted and identified to species. 

5. Earthworms were extracted in the field using, hand-sorting of four 25 cm × 25 cm × 25 cm 

soil blocks and, where feasible, by chemical expellant from four 50 cm × 50 cm quadrats. 

Identification of mature individuals was to species level;  

6. Soil-dwelling ants were assessed using 20-metre-line of crumb baits to attract species that 

forage. An active search (30 to 60 min) within a 100 metre-radius of each GPS location 

focusing on possible nesting sites allowed collection of species representative for each site. 

Collected specimens were transferred into 70% alcohol and identified. 

 

2.3 Statistical analyses 

The effect of land use on the richness of each soil taxa group was analysed using a Kruskal-

Wallis non-parametric (χ2) test since replication of land use was unbalanced. The compositional 

response of the different groups to land use was examined by permutational multivariate 

analysis of variance using distance matrices in the adonis function of the vegan package [25]. To 

ensure the analysis was unbiased we selected only those sites for which data were available for 

all groups of organisms. However, due to the sparse coverage and low number of species 

recorded soil-dwelling ants were omitted from the adonis analysis. The same analyses were 

repeated using only the arable and pasture sites to examine whether the qualitative outcome 

was consistent within only agricultural systems. The effect of soil type was also examined only 

within arable and pasture sites since it tends to be confounded by land use in organic soils (e.g. 

boglands contain peats). Bray-Curtis similarity matrices were calculated on square-root 

transformed abundance data and the significance of the land use effect was tested by using 

permutation procedure (9999 permutations) which generates pseudo-F and P-values [25]. 

Unconstrained ordinations were visualized in non-metric multidimensional (nMDS) scaling 



  
 
 

139 
 

plots, which groups samples according to their similarity. nMDS plots show Kruskal stress 

values, which represent the “goodness of fit” of the nMDS ordination; acceptable stress values 

are less than 0.2. 

Congruence between different taxa groups was assessed using Spearman correlation of 

abundance, richness, Shannon diversity and Bray-Curtis [dis]similarity. Spearman coefficients 

and significance of correlations for abundance, richness and Shannon diversity were calculated 

using the Rcorr function of the Hmisc package [13]. In addition, Mantel tests were used to 

determine the significance of rank correlations between Bray-Curtis matrices of different taxa 

groups in the vegan package [25].  

Indicator species analysis (IndVal) was carried out to examine the strength of 

relationships between each taxon and the land use classification [10] within the indicspecies 

package [5]. Group-equalized options were used to account for differences in numbers of sites 

between each land use. The number of indicator taxa significant at P < 0.05 within each 

different group of soil taxa and land use were recorded. This analysis was repeated with only 

arable and pasture sites to assess potential indicators within agricultural land uses. We 

acknowledge that this represents a large number of individual analyses but consider this as a 

liberal method of identifying the potential pool of indicator taxa and of reducing the dataset to 

taxa likely to be important as indicators. 

 The correlation between abundances of all significant indicator taxa (as identified 

above) and soil physico-chemical gradients was assessed using Redundancy Analyses 

(RDA). RDA is a constrained ordination, aiming to find linear combinations of the predictor 

variables which explain the greatest variation in the data cloud [20], based on the smallest 

residual sum of squares. Small differences in values of abiotic data between samples can have 

large impacts on the outcome of multivariate analyses [27]. Therefore, in order to reduce 

variation between samples, all abiotic factors were square-root transformed and standardised. 

The abundance of all indicator taxa were also standardised (subtract minimum from value 

and divide by the range) to account for the different scales of measurement between taxa 
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groups. The model to explain variability encompassed a selection of properties including 

relatively easy to obtain information (moisture content, pH, bulk density, C, N and P 

concentrations), and those that did not show any co-linearity (i.e. where correlation between 

variables was < 0.80. The RDA was repeated using those indicator taxa identified only with 

arable and pasture sites. RDA analyses were visualised in two dimensional ordinations using 

CANOCO for Windows v.4.5 [35] 

Unless otherwise stated all analyses were conducted in the R statistical environment 

[28]. 

 

3. Results 

3.1 Land use and soil biodiversity 

There were significant differences in the richness of nematode, mite, earthworm and ant taxa 

between land uses, but not in the richness of bacteria, fungi or AMF (Table 1). Mean taxon 

richness was greatest in pasture for nematodes and earthworms, rough-grazing for mites, and 

both rough-grazing and bogland for ants (Table 1). This pattern across soil taxa was similar in 

the land uses where the greatest number of taxa were recorded (Table 1). The greatest number 

of taxa recorded did not occur at an arable site for any of the taxa groups. In contrast, the 

smallest number of bacteria, fungi and AMF taxa were all recorded at an arable site. The 

smallest richness of nematode taxa was recorded at a bogland site, while low richness of 

mites and earthworms occurred in several land uses, and all land uses had sites where no ant 

species were recorded (Table 1). There were no differences in the richness of any taxa 

between soil types within arable and pasture land uses (data not shown). 

There was no significant effect of land use on similarity in bacteria composition (F4,35 

= 1.03, P = 0.319) or AMF composition (F4,35 = 1.15, P = 0.257) (Fig. 1A). However, there 

was a highly significant influence of land use on similarity in fungi (F4,35 = 1.25, P = 0.001), 



  
 
 

141 
 

nematode (F4,35 = 3.95, P = 0.001), mite (F4,33 = 1.37, P = 0.005) and earthworm (F4,33 = 3.95, 

P = 0.001) composition ( Fig. 1A). Land use explained 11.8%, 13.9% and 12.8% of the sum 

of squares in similarity of bacteria, fungi and mycorrhiza, respectively (Fig. 1A). In contrast, 

land use explained almost three times as much of the sum of squares (31.2%) in the similarity 

of nematode composition in comparison to that of the microbial taxa (Fig. 1A and B). The 

same pattern was present across the different taxa when only agricultural sites (arable and 

pasture) were included in the analyses except that the percentage sum of squares explained by 

land use was lower, and there were no differences in the similarity of any taxa between soil 

types (data not shown).  
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3.2 Congruency between soil taxa groups 

Consistent and stronger correlations between particular taxa across the different measures 

were evident for bacteria and earthworms, fungi and nematodes, fungi and earthworms, and 

nematodes and earthworms (Supplementary Table B1). The only significant correlations in 

the abundance of soil taxa were between bacteria and earthworms (Fig. 2A), and nematodes 

and earthworms (Fig. 2B), being negatively and positively correlated, respectively. There 

were significant positive correlations in taxon richness between fungi and nematodes, fungi 

and earthworms (Fig. 2C), and between nematodes and earthworms (Fig. 2D). Conversely, 

there were significant negative correlations between fungi, nematodes and earthworms, and 

ants (Supplementary Table B1). As with taxon richness, positive correlations in similarity 

were highly significant for fungi and nematodes, fungi and earthworms (Fig. 2E), and 

between nematodes and earthworms (Fig. 2F). 

 

3.3 Potential indicator taxa across land uses 

The analysis of potential indicator taxa across all land uses resulted in a total of 14, 10, 22, 34 

and 61 significant indicators for arable, pasture, forest, rough-grazing and bog land uses, 

respectively (Table 2).  Bacteria, AMF and ants had no indicators in arable and pasture and 

their greatest number of indicators in bogland; fungi and mites had indicator taxa in four land 

uses and their greatest number in rough-grazing; nematodes had indicators in all land uses 

except the forest land use; earthworms had indicators in pasture (Table 2). Interestingly, 

analysis of potential indicators in only arable and pasture sites resulted in 15 and 11 bacteria 

indicators, respectively; there were also a potentially greater number of fungi indicators of 

arable land use (Table 2).  
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3.4 Response of indicator taxa across environmental gradients 

Indicator taxa were correlated with several physico-chemical soil properties characteristic for 

the different land use classes (Fig. 3 and 4). Including all land uses, 28% and 20% of 

variation in species-environment relation was explained by axes 1 and 2, respectively (Table 

3). Microbial indicator taxa (bacteria, fungi, mycorrhiza) were more generally associated with 

boglands, whereas nematodes and earthworms indicator taxa were more strongly associated 

with arable and pasture (Fig. 3; colour version in Supplementary Fig. B1). Mean bulk density 

significantly correlated (F = 4.31, P < 0.001) with the indicator taxa data, being typically 

lower in the rough-grazing and bogland (extensive land uses) compared to arable (intensive 

land use). In addition, Fe and Al significantly correlated with the indicator data (F = 2.24, P = 

0.015 and F = 2.37, P = 0.007, respectively). Al and pH showed a similar correlation, albeit 

pH was not significant.  

 When only arable and pasture (intensively managed land) were included, 37% and 

22% of variation in species-environment relation was explained by axes 1 and 2, respectively 

(Table 3). Again, microbial indicator taxa (bacteria and fungi) were associated together, with 

arable in this case, and earthworm indicators associated with pasture (Fig. 4). Two mite 

indicator taxa were also associated with a small outlier group of pasture sites which appeared 

to have high concentrations of Ca and P (Fig. 4; Supplementary Fig. B2). With only arable 

and pasture sites, mean bulk density was also significantly correlated (F = 1.96, P = 0.043) 

with the species data, being lower in the arable than the pasture soils (Fig. 4). Al was 

significantly correlated with the indicator taxa data (F = 2.13, P = 0.040) with the greatest 

concentration in the opposite direction to the pasture outlier group (Fig. 4), and N correlated 

significantly with the indicator taxa data (F = 3.06, P = 0.002) being higher in the pasture 

soils. 
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4. Discussion 

McGeoch [21] discussed three types of biological indicators; those that are typical of a habitat 

or ecological status, those that are reactive to environmental change and those that are 

representative of the diversity of other taxa. Here, we have explored these categories of 

indicator in the soil using a national baseline survey of a range of different taxa groups (e.g. 

microbes, mesofauna and macrofauna).  

The potential value of these different taxa as indicators of habitat or ecological status 

was first gauged by examining their richness and similarity across sites, and assessing whether a 

significant amount of variation could be explained by land use. Land use appeared to have a 

stronger influence on the richness of meso- and macrofauna (nematodes, mites, earthworms and 

ants) compared to microbes (bacteria, fungi, mycorrhiza). It has been suggested that microbes 

do not respond to large-scale environmental gradients as do meso- and macrofauna [9]. 

Therefore, it is likely that specific management practices such as crop types within a land use 

had a stronger relationship with microbial diversity [14,16]. Although, within arable and 

pasture sites soil type did not influence richness of any soil taxa. Changes in richness of meso 

and macrofauna groups were generally evident between agriculturally-managed (arable and 

pasture) and extensively-managed (rough-grazing and bogland) soils, and this corresponded to 

a division between ‘mineral’ and ‘organic’ soils. Greater nematode and earthworm richness was 

associated with arable and pasture, and greater mite and ant richness was associated with 

rough-grazing and bogland. A similar pattern was also evident when examining taxon 

composition with land use accounting for a lower proportion of variation in microbial taxa 

groups and soil type having no effect within arable and pasture. Although broad differences in 

soil communities are greatly appreciated [4,9,30,32,37] it is less well understood how particular 

taxa, within these broad groups, may respond to soil environmental gradients and contribute to 

patterns across these land uses. 

A second approach to examining these different taxa as potential indicators of habitat or 

ecological status was based upon the fidelity and specificity of individual taxa to the different 
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land uses [5,6,10]. A comparison of the taxa identified in this way showed that generally greater 

numbers of microbial taxa were indicators of the extensive land uses (forest, rough-grazing and 

bogland) and almost none were characteristic of intensive land uses (arable and pasture). 

However, when using only arable and pasture in the analysis, many microbial taxa appear as 

indicators of one or other land use. This implies that the microbial indicator taxa found 

associated with intensive land uses are also found in extensive land uses. Nematodes had 

indicator taxa across intensive and extensive land uses, and this is in agreement with the 

greatest amount of variation in the similarity of nematode composition being explained by land 

use, whereas ant taxa were not generally good indicators and only one indicator taxon for 

bogland was identified. Though the number of analyses differed between the taxa (because of 

different numbers of recorded taxa) the indicator values of individual taxa are derived 

independently of other taxa and therefore this type of analysis is valuable for exploring the pool 

of potential indicators in different land uses. A wide range of studies have used indicator value 

analysis to examine invertebrates characteristic of habitats or land management but fewer have 

attempted to make links to their traits [e.g. 2,22]. A more detailed examination of indicator 

traits of soil taxa was beyond the scope of this study but could generate more mechanistic 

insights. Furthermore, indicator taxa may reveal stronger affinities across several land uses [6]. 

The indicator taxa identified were utilised to reduce the datasets to taxa likely to be 

important indicators across land uses. O’Neill et al [26] used this type of analysis with a micro-

invertebrate dataset and found that classification efficiency for vegetation cover decreased only 

marginally using only the significant indicator morphotaxa. Moreover, the variability explained 

by the first two axes of a principal components analysis increased when using only the 

significant indicator taxa compared to the full complement of taxa. [26]. We combined the 

significant indicators from all taxa groups to explore the correlation of their abundances with 

soil physico-chemical gradients. The primary axis of variation was generally associated with the 

change from intensive (arable) through to extensive (bogland) land use; though mean bulk 

density was the only significant soil characteristic that showed a strong correlation with this 
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axis, it clearly masked the significance of similarly strong relationships with moisture, carbon 

and nitrogen in the opposite direction. The ordinations also highlighted how individual 

indicator taxa were related to the main axes of variation and this may be a useful exploratory 

tool to identify taxa most responsive to particular gradients.  

Studies of cross-taxon congruency from aboveground systems have found 

inconsistent relationships [19,24,33]. We may expect that congruency is both more likely and 

stronger in the soil given the importance of local environmental conditions and the physical 

nature of soil as a habitat. Indeed, we found consistent correlations between several taxa 

groups, in particular, positive correlations between fungi, nematodes and earthworms, thus 

demonstrating that there is a level of congruency across different measures of soil 

biodiversity. However, congruency between other taxa was limited. Different soil taxa may 

be more dominant at different times of the year, for example, microbes can show high 

seasonal variation [38]. The impact of ecosystem engineering organisms such as earthworms 

can also impact upon other smaller-bodied taxa and these effects should not be ignored in 

assessing soil biodiversity. 

It is also acknowledged that the outcomes of these analyses may in part depend on the 

methods used to measure the richness and composition of the different soil taxa, and these 

outcomes may change using different methods. For example, the AMF diversity used here 

was assessed using a bait-plant method and this may have limited the richness and 

composition of taxa being recorded [34]. Furthermore, the difference in ‘taxonomic’ 

resolution between molecular and morphological approaches may influence differences 

between microbial and meso/macrofauna. Nevertheless, these are standard and widespread 

methods to extract and measure soil biodiversity and if we are looking for relative measures 

or fingerprints of soil assemblages, as opposed to an exhaustive cataloguing, then their 

comparison is informative. Developments in molecular techniques for the analysis of soil 
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biodiversity e.g. [7,18,36] will undoubtedly become particularly important as the choice of 

indicators is streamlined, but there is still the need to compare these with ‘classic’ 

approaches.    

 

5. Conclusions 

There are few soil biodiversity surveys that include the major land uses and a relatively large 

geographical spread with this range of belowground taxa [e.g. 32]. Characterising the 

richness and community similarity of different soil taxa groups and identifying potential 

indicators across land uses indicates that separate sets of taxa groups may be more useful as 

bioindicators in agriculturally and extensively managed land. That land use accounted for the 

greatest amount of variation in nematode composition and that nematodes had indicator taxa 

in most land uses supports their potential as robust indicators across all land uses. Analysis of 

significant indicators can also help identify potential target taxa that are responsive to soil 

physico-chemical gradients and upon which future sampling could be focused. Further 

development of these types of analyses can inform soil monitoring programmes and increase 

their efficacy in being able to detect the effects of land management changes on soil status 

and the many ecosystem services supported by soil organisms. 
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Figure captions 

Fig. 1 - Land use and soil taxa similarity between sites, (A) Percentage sum of squares 

explained by land use from permutational multivariate ANOVA analysis of Bray-Curtis 

matrices of soil taxa groups. AMF = Arbuscular mycorrhizal fungi; Asterisks denote 

significance of land use type at P < 0.01, NS = not significant, (B) Non-metric 

Multidimensional Scaling (NMDS) ordination of similarity in nematode composition 

between sites; legend of land uses inset. 

 

Fig. 2 - Examples of the strongest cross-taxon correlations between abundance (A and B), 

richness (C and D) and compositional similarity (E and F) of soil taxa groups. Spearman Rho 

coefficient inset; significance at P<0.05=*, P<0.01=**,P<0.001= ***.  

 

Fig. 3 - Redundancy analyses (RDA) of taxa identified as indicators using IndVal and soil 

physic-chemical variables across all land uses. Ellipses represent 95% confidence intervals of 

land uses using site scores from axes 1 and 2; F = Forest sites, RG = Rough-grazing sites. 

Arrows indicate gradients of soil physico-chemical variables; asterisks denote variables 

significantly correlated with RDA axes.  

 

Fig. 4 - Redundancy analyses (RDA) of taxa identified as indicators using IndVal and soil 

physic-chemical variables across agricultural land uses (Arable and pasture only). Ellipses 

represent 95% confidence intervals of land uses using site scores from axes 1 and 2. Arrows 

indicate gradients of soil physico-chemical variables; asterisks denote variables significantly 

correlated with RDA axes. 
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 Table 1. Summary of recorded taxa richness in the CréBeo baseline survey; minimum and maximum taxa richness recorded at a site, and the associated 1 
land use where these were recorded, mean taxa richness recorded within each land use and statistics from a non-parametric test of the effect of land use on 2 
taxa richness. ‘All sites’ includes every site where the specific group of soil taxa were sampled; ‘Shared sites’ includes a subset of sites where all soil taxa 3 
were sampled. Values are rounded to nearest integer for clarity; where Kruskal-Wallis statistics are significant, * =  P<0.05; ** =P<0.01; *** =P<0.001. 4 
AMF = Arbuscular mycorrhizal fungi.5 

Soil organisms     Land use type Kruskal-Wallis (χ2) 
 Min.  Max.  Arable (A) Pasture (P) Forest (F) Rough (RG) Bog (B) All sites Shared sites 
            

Bacteria 24 A 356 B 160 200 184 187 216 2.55 2.76 
Fungi 6 A 159 F 89 78 64 62 31 8.13 9.30 
AMF 2 A 78 P 25 41 34 33 42 4.87 4.36 

Nematodes 5 B 25 P, RG 18 19 17 17 12 19.23*** 9.53* 
Mites 0 A,B 27 RG 3 9 14 15 3 20.21*** 11.28* 

Earthworms 0 F, RG, B 11 P 6 7 4 3 0 30.31*** 14.24** 
Ants 0 all 5 RG 0 1 1 2 2 18.98*** 13.49** 
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Table 2. Numbers of taxa identified by the ‘IndVal’ analyses as indicators of different land 

uses in the different soil taxa groups. Indicators are significant at P < 0.05; AMF = 

Arbuscular mycorrhizal fungi. Values in parentheses are numbers of indicator taxa identified 

in analysis of only arable and pasture land uses. 

Soil organisms Land use type 
 Arable (A) Pasture (P) Forest (F) Rough (RG) Bog (B) 

Bacteria 0 (15) 0 (11) 13 11 41 

Fungi 3 (20) 0 (1) 4 9 4 

AMF 0 (0) 0 (2) 0 3 13 

Nematodes 6 (1) 5 (4) 0 4 2 

Mites 5 (1) 0 (2) 5 7 0 

Earthworms 0 (1) 5 (3) 0 0 0 

Ants 0 (0) 0 (0) 0 0 1 
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Table 3. Summary statistics from Redundancy Analyses (RDA) of taxa identified as 

indicators by indicator species analysis and soil physico-chemical variables. 

All land uses Arable + Pasture RDA statistics 

axis 1 axis 2 All 

axes 

axis 1 axis 2 All 

axes 

Eigenvalue 0.173 0.125  0.258 0.148  

Species-environment 

correlation 

0.913 0.891  0.973 0.909  

Cumulative percentage 

variation 

      

- species data 17.3 29.8  25.8 40.6  

- species-environment 

relation 

27.8 47.9 62.0 37.4 58.9 69.5 
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Supplementary A. Detailed materials and methods for the sampling and processing 

of the different soil organism groups and a map of sampling location classified by 

land use. 

 

Soil bacteria and fungi 

 Soil samples were taken randomly from each GPS-located plot with a 

sterilised corer to a depth of 20 cm. From each plot, 20 cores were collected and 

bulked. Upon arrival in the laboratory, soil samples were immediately passed though 

a 4 mm aperture sieve and stored at –20ºC for DNA extraction and a sub-sample was 

preserved to determine soil moisture content at the time of sampling.    

 DNA was extracted with a modified method as described by Griffiths et al., 

(2000). Briefly, this involved a 0,5 g soil sub sample in hexadecyltrimethylammonium 

bromide (CTAB) extraction buffer  subjected to a heat treatment of 10 minutes at 

70°C, subsequent physical cell lysis with a Ribolyser bead beater, while DNA was 

separated in a 25:24:1 phenol:choloform:isoamylalcohol solution, followed with a 

clean-up with 24:1 chloroform:isoamylalchol to remove impurities. The aqueous layer 

was removed and DNA was precipitated in 1 ml 95% ethanol after addition of 60 µl 

3M sodiumacetate and 1 µl glycogen and overnight incubation at -20°C before clean 

up with a high pure PCR product purification kit (Roche, Germany). Purified DNA, 

eluted to a final volume of 50 µl, was quantified on a spectrophotometer (Nanodrop) 

and diluted to 3-50 ng µl-1 suitable for PCR amplification without further treatment. 

Each extraction was replicated three times. Bacterial DNA was amplified using 

primers targeted on the intergenic spacer region (IGS) using the bacterial rRNA 

operon and amplified with the universal bacterial forward primer S-D-Bact-1522-b-S-

20 (eubacterial rRNA small subunit, 5’-TGC GGC TGG ATC CCC TCC TT-3’) and 
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reverse primer L-D-Bact-132-a-A-18 (eubacterial rRNA large subunit 5’-CCG GGT 

TTC CCC ATT CGG-3’) (Normand et al., 1996). Fungal DNA was amplified using 

primers targeted on the fungal intergenic spacer region containing two internal 

transcribed spacers (ITS) and the 5.8S rRNA gene (ITS1-5.8S-ITS2) using universal 

fungal forward primer  (ITS1-F) 5’-CTT GGT CAT TTA GAG GAA GTA A-3’ 

(Gardes and Bruns, 1993) and reverse (ITS4) 5’-TCC TCC GCT TAT TGA TAT GC-

3’ (White et al., 1990)  Each PCR reaction was done in 50µl volumes, 

containing 10 µl 10X PCR buffer, 5 µl of 0.3 µM forward and reverse primer, 1.25 µl 

10 mg ml-1 BSA, 1 µl dNTPs (10mM each), 2.5 µl ultra clean H2O and 0.25 µl 2.5 U 

Taq DNA polymerase. 1 µl template DNA was added to 25 µl ultra clean H2O prior to 

adding the PCR mix. For bacterial ARISA, PCR conditions included a hot start at 

94ºC for 3 min (1 cycle); 94ºC for 45 sec, 61.5ºC for 45 sec, 72ºC for 1 min (34 

cycles) with a final annealing temperature at 72ºC for 7 min. DNA extractions of pure 

culture E. coli served as a positive control, while DNA free PCR mix was used as a 

negative control. For fungal ARISA, PCR conditions included a hot start at 95ºC for 4 

min (1 cycle); 95ºC for 1 min, 56ºC for 30 sec, 72ºC for 1 min (35 cycles) with a final 

annealing temperature at 72ºC for 7 min. DNA extractions of a pure culture of a 

Trichoderma sp. served as a positive control, while DNA free PCR mix was used as a 

negative control. PCR products were confirmed on a 1% agarose gel and subsequently 

purified using a high pure PCR product cleanup kit (Roche) as per user manual 

instructions.Both forward primers were fluorescently labelled on the 5’ side with 

Beckman Coulter dye D4. Products were purified with a high pure PCR product 

purification kit, and amplified nucleic acid was eluted in 50 µl sterile ultra clean H2O 

at 55°C. 
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Intergenic spacer lengths were analysed using electrophoresis on a Beckman 

Coulter (CEQ 8000) automated sequencer, running 120 minutes at 60°C and 4 kV. A 

20-1200 bp fragment sizing standard with a D2 dye was used to calculate reference 

curves. Beckman Coulter CEQ 8000 fragment analysis software was used to assess 

spacer profiles, and to identify peaks which correspond to ribotypes. Individual 

ribotypes were considered to represent taxa for the calculation of richness and 

similarity. 

 

Mycorrhizal fungi 

Arbuscular mycorrhizal fungi (AMF) were surveyed within forty-five NSD locations 

(Figure A1) in 2006. Field moist soil, obtained as described before, was used for 

bioassays, with Trifolium repens L. (Fabaceae; white clover) as bait plants for AMF. 

For this, surface-sterilised seeds were sown in pots (8 cm x 8 cm x 8 cm) containing a 

1:1 mix of soil and autoclaved sand replicated three or four times. All pots were then 

placed randomly into growth chambers and were grown for four months under 

environmentally controlled conditions (8 h dark/16 h light cycle, and a constant 

temperature of 20°C). Negative control pots were grown in autoclaved field soil and 

sand (1:1 mix). At harvest, all soil was carefully and thoroughly removed from plant 

roots. Root samples were triple rinsed with sterile, de-ionised water, blotted dry and 

stored at –80°C for DNA extraction.  

 Molecular techniques based on Vandenkoornhuyse et al. (2003), Bougoure et 

al. (2007), and Gardes and Bruns et al. (1993, 1996) were employed to characterise 

AMF, ERM and ECM diversity respectively. Specifically, for AMF and ERM, 

terminal restriction fragment length polymorphism (TRFLP) analysis was used, and 
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for ECM, restriction fragment length polymorphism (RFLP) with sequencing of 

unique RFLP types. DNA was extracted from 100 mg of each sample using the 

DNeasy Plant Mini Kit (QIAGEN, Hilden, Germany) for AMF and ERM, and the 

cetyltrimethyl ammonium bromide (CTAB) method for ECM. For AMF, a 550 bp 

region of the 18S rDNA was amplified using the universal eukaryotic primer NS31 

(Simon et al., 1992) and the AMF specific primer AM1 (Helgason et al., 1998). For 

ERM and ECM, the internal transcribed spacer (ITS) regions of rDNA were amplified 

using the fungal specific primers ITS1F (Gardes and Bruns, 1993) and ITS4 (White et 

al., 1990). For TRFLP analysis, purified polymerase chain reaction (PCR) products 

were digested with the restriction enzymes HinfІ and Hsp92ІІ for AMF and HinfІ and 

TaqІ for ERM. For RFLP analysis, the restriction enzymes HinfІ, AluІ, and DpnІІ 

were used. Resulting  profiles were analysed using the program GeneMarker 

(SoftGenetics, State College, PA, USA). Only terminal restriction fragments with 

peak heights above 50 fluorescent units and between 75–450 bp in size were 

considered and used for further analyses.  

  

 Nematodes 

Field moist soil, obtained as previously described, was mixed thoroughly and 500 cm3 of 

soil was stored at 4ºC until extraction. Nematodes were then extracted from a 100 cm3 

sub-sample of soil from each site. This was suspended in water, sieved (through 600, 250, 

and 38 µm mesh sizes), and retained nematodes were extracted via sugar centrifugation 

(Southey, 1986). Nematodes were immediately counted under a stereomicroscope to 

estimate abundance, then killed by application of gentle heat, fixed in hot (65°C) 

buffered formalin:glycerine (FG 4:1) and stored in 4 ml glass vials. Nematodes were 

then processed to pure glycerine by slow evaporation and mounted in permanent mass 

slides for community analysis. Approximately 100 nematodes were identified for each 
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site using Andrássy (1985, 1992, 1993), Bongers (1988) and Siddiqi (2000) to at least 

genus level (with the exception of Rhabditidae and Neodiplogasteridae).. 

 

Earthworms 

Earthworms were sampled in the field using hand-sorting and chemical expellant 

approaches. For hand-sorting, earthworms were sampled from 25 cm x 25 x 25 cm 

square soil blocks at each of the four cardinal points in the plots (10 m from the GPS 

point). These soil blocks were placed on a plastic sheet and were sorted thoroughly by 

hand. Hand-sorting was standardised by limiting sorting time to 15 minutes. Specimens 

were placed in plastic bottles, kept cool (4°C) until they could be processed. The four 

sub-samples were kept separate throughout the sorting and identification process.  For 

the chemical expellant four sub-samples were also taken using dilute mustard oil (2 mL 

allyl isothiocyanate) where feasible. This is method stimulates earthworms to leave the 

soil so they can be collected on the surface.  First, vegetation was clipped to ground level 

with hand shears and a 50 cm x 50 cm frame placed on the soil and pressed in to a depth 

of 1-2 cm. 2 ml allyl isothiocyanate was dispersed in 40 ml isopropanol [2-propanol], 

then added to 20 L water and mixed thoroughly and was evenly applied 50 x 50 cm plots 

and expelled earthworms were collected with forceps as they emerged. Application of 

the mustard oil solution was repeated after 10-15 minutes for each of the four sub-

samples, adding approximately 5 L solution in total to each frame. Collected worms 

were placed in plastic jars containing a small amount of water to rinse off the irritant. In 

the laboratory, each sub-sample of worms was rinsed with tap water, blotted on paper 

towels and weighed live en masse for total biomass. After weighing, worms were fixed in 

4% formalin until identification to species level. 

 

Microarthropods 



  
 
 

166 
 

Four cores were taken at each site, one at each of four cardinal points (10 m from the 

GPS point). Cores were taken to a depth of 5 cm with a serrated coring device (approx. 

5 cm diameter). These were placed in sample cups with a mesh screen bottom, and into 

plastic screw-cap jars for transport to the laboratory. Upon arrival in the laboratory, 

microarthropods were directly extracted from these for 7 days into 70% ethanol using a 

Kempson extractor. Mesostigmatid and oribatid mites were separated and identified to 

species level where possible. 

 

Ants 

The sampling sites for soil-dwelling ants represent a subset of the Irish National Soil 

Database and included 59 sites (Figure A1). At each site a 20 m line of crumb baits 

was set up at 1 m distances to attract ant species that forage (Agosti et al., 2000). 

Furthermore, hand sampling within a 100 m radius of the site was conducted to 

include an active search for ants focussing on possible nesting sites. The time spent on 

each site was 30-60 minutes to standardise the method. The ants were collected with 

an aspirator and were immediately transferred into a vial with 70% alcohol for later 

identification following Seifert (2007) and Czechowski et al. (2002). 
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Figure A1. Map of sampling locations from the CréBeo soil biodiversity survey; sites 

are classified by land use. 
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Supplementary B. Additional data and colour versions of figures. 

 

Table B1. Congruence in soil assemblage measures (Pairwise correlations of 

abundance, richness, Shannon diversity and Bray-Curtis similarity) between groups of 

taxa across all sites. Bac = Bacteria, Fung = Fungi, Myco = Arbuscular mycorrhizae, 

Nem = Nematodes, Mite = Acarids, Worm = Earthworms; nd = no data;*=  P<0.05; 

**=P<0.01; ***=P<0.001. 
 

 

Taxa 
comparison 

 

Soil assemblage measure 
 

 Abundancea 

 

Richnessa Shannona Compositionb 

Bac v Fung -0.198 -0.218 -0.105 -0.056 

Bac v Myco -0.263 -0.082 0.056 -0.079 

Bac v Nem -0.260 -0.029 0.081 -0.012 

Bac v Mite 0.110 0.068 0.104 0.023 

Bac v Worm     -0.450** -0.160 -0.335* -0.079 

Bac v Ant nd 0.197 nd 0.057 

Fung v Myco 0.016 -0.040 0.099 -0.109 

Fung v Nem 0.067 0.337* 0.343* 0.430** 

Fung v Mite -0.232 -0.101 -0.079 0.007 

Fung v Worm 0.088 0.480*** 0.277 0.482** 

Fung v Ant nd -0.372* nd -0.119* 

Myco v Nem -0.096 0.037 0.144 0.009 

Myco v Mite 0.199 0.246 0.161 0.221* 

Myco v Worm -0.025 0.186 0.298 0.006 

Myco v Ant nd 0.301 nd 0.013 

Nem v Mite -0.223 0.017 -0.074 0.145* 

Nem v Worm        0.644*** 0.593*** -0.021 0.668** 

Nem v Ant nd -0.342** nd -0.052 

Mite v Worm -0.049 -0.001 -0.150 0.097 

Mite v Ant nd 0.160 nd 0.012 

Worm v Ant nd -0.415** nd -0.062 
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aSpearman rank correlations of raw data, see methods for details. 
bMantel correlation of Bray-Curtis matrices using square-root transformed abundance 
data. 
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Figure B1. [Colour version of analysis in Fig. 3] Redundancy analyses (RDA) of taxa 
identified as indicators using IndVal and soil physico-chemical variables across all 
land uses. Arrows indicate gradients of soil physico-chemical variables; asterisks 
denote variables significantly correlated with RDA axes. Land use: ●= arable; ■= 
pasture; ♦= forest; ▼= rough-grazing; ▲= bog. Species: ►= bacteria; ►= fungi; ►= 
mycorrhizae; ►= nematodes; ►= mites; ►= earthworms; ►=ants. 
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Figure B2. [Colour version of analysis in Fig. 4] Redundancy analyses (RDA) of taxa 
identified as indicators using IndVal and soil physic-chemical variables across 
agricultural land uses (Arable and pasture only). Arrows indicate gradients of soil 
physico-chemical variables; asterisks denote variables significantly correlated with 
RDA axes. P, N, pH and mean bulk density (mbd) explained significant amounts of 
the variation. Land use: ●= arable; ■= pasture. Species: ►= bacteria; ►= fungi; ►= 
mycorrhizae; ►= nematodes; ►= mites; ►= earthworms; ►=ants. 
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Summary 

Ants are important ecosystem engineers and can be ubiquitous in extensively 

managed grassland ecosystems. Different ant species construct nests varying in 

structure and size, and  may also display differing feeding strategies. Food imported to 

the nest may alter soil nutrient stocks, thereby affecting nest soil microbial community 

structure. Soil and ant tissue were sampled from replicate nests of three ant species, L. 

flavus (aphid farmer, mound builder), M. sabuleti (hunter/scavenger, non-mound 

builder) and F. lemani (scavenger/hunter, non-mound builder) in an extensively 

grazed temeperate grassland and compared to similar soils without ants. Their ability 

to modify the environment was assessed by measuring aboveground (vegetation 

diversity) and belowground (soil physic-chemical characteristics) components, and 

microbial assemblages were determined using molecular approaches (terminal 

restriction length polymorphism and automated ribosomal intergenic spacer analysis). 

Stable isotope ratios (13C and 15N) of ant tissue and nest soil organic matter confirmed 

differences in trophic levels between the ant species. Significant changes in vegetation 

diversity, pH and moisture content, and total C and N demonstrated ant ecosystem 

engineering effects. Nests of L. flavus, M. sabuleti and F. lemani harboured 

significantly different microbial assemblages (total bacteria, ammonia-oxidising 

bacteria, nitrogen-fixing bacteria and total fungi). Ants may control physical and 

biological soil characteristics in their nests, which in turn may control microbial 

diversity. 

 

Keywords (6 max): Lasius flavus, Myrmica sabuleti, Formica lemani, ecosystem 

engineering, microbial diversity, temperate grasslands. 
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Introduction 

Many ant species co-inhabit their nests with other organisms (Boulton and 

Amberman, 2006), with many well documented trophic interactions. For example, 

attine ants in the tropics maintain fungal gardens (Currie, 2001; Gerardo et al., 2004), 

and aphids are frequently farmed for honeydew by many ant species (Stadler and 

Dixon, 2005) including members of the genera Lasius and Formica (Novgorodova, 

2007). Nevetheless, most ant species gain the majority of their nutritive requirements 

from a combination of predation and scavenging (Hölldobler and Wilson, 1990).  

From a microbial standpoint, the nature of the ant food source and the 

associated strategy to acquire that food may play a role in determining the microbial 

community structure associated with ant nests. Microbes are critical to the functioning 

of soils, particularly through their specific roles in the cycling of nutrients such as 

carbon and nitrogen (Alexander, 1977), and will also play key roles in cycling 

processes within ant nests. Ants have been shown to influence which microbes occur 

in their nests (Currie et al., 1999; Currie, 2001; Fernández-Marín et al., 2006), for 

example by producing antibiotics to repel parasites, although most studies on ant–

microbe interactions have focussed on ant species from tropical areas. Information on 

ant-microbe relations in temperate regions, such as maritime Atlantic grassland 

ecosystems, remains scarce. 

Irish grasslands are dominated by around ten ant species, with members of the 

genera Lasius, Myrmica and Formica being the most widespread. In temperate 

grassland ecosystems, ants commonly act as predators, scavengers and/or aphid 

farmers, with different ant species specialising in one or more of these nutritional 

strategies (Fiedler et al., 2007). For example, Lasius flavus is largely a root aphid 

farmer and feeds on honeydew produced by aphids (Pontin 1978; Stadler and Dixon, 
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2005), whereas Myrmica and Formica spp. are known to be predators and scavengers 

(Hölldobler and Wilson, 1990). Additionally, these ants differ in their nesting 

behaviour, particularly in undisturbed habitats such as extensively grazed grasslands. 

L. flavus constructs permanent nests within a mound that can be maintained for 

decades (King, 1977a); in contrast, Myrmica sabuleti and Formica lemani construct 

relatively short-lived nests under objects such as rocks or logs (Brian, 1972). Within 

ant nests, galleries, formed by the active manipulation of soil during burrowing, often 

contain ant brood (eggs, pupae and larvae) and typically exhibit the highest ant 

activity. Ant brood requires a nitrogen-rich diet (Hölldobler and Wilson, 1990); 

sustaining the need for nitrogen, ants gather resources as scavengers, foragers, hunters 

or aphid farmers.  

Most likely as a result, soil nutrient stocks in ant nests can be significantly 

different from uncolonised, ant-free soil (Nkem et al., 2000; Cammeraat and Risch, 

2008; Wagner and Nicklen, 2010). Organic matter decomposition is greatly dependent 

on the microbial community present in nests, but substrate quality, itself affected by 

ant feeding strategy, in turn may affect microbial community structure. Many 

microbes also play important roles in the soil nitrogen cycle, and, in the nest, may also 

be influenced by ant feeding strategy. For example, the oxidation of ammonia derived 

from organic matter within nests is another key component of the soil nitrogen cycle, 

also potentially influenced in the nest by ant-microbe interactions. Additionally, the 

nitrogen fixing community, either free-living microbes or symbionts, may be affected 

by the presence of ants, either through the direct manipulation of soil nutrient contents 

(Wagner and Nicklen 2010), or indirectly through changes in nest-associated 

vegetation (King, 1977a, b, c). Finally, Eisenhauwer et al. (2010) recently reported a 

strong link between aboveground vegetation diversity and belowground microbial 
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diversity. Ant-mediated soil modification can lead to altered aboveground diversity, 

which could in turn have an effect on microbial communities belowground. 

This paper focuses on comparing three ant species with different feeding and 

nesting strategies in temperate maritime Atlantic grassland ecosystems, to determine 

how these factors influence soil physico-chemical parameters and microbial 

community structures in ant nests. The following hypotheses were tested: 1) that ant 

species with different feeding and nesting behaviours alter soil characteristics and 

harbour different bacterial and fungal assemblages, and functional gene assemblages 

associated with the nitrogen cycle, in their nests, and 2) that ants develop different 

microbial assemblages in their nests to those in uncolonised soils.  

 

Materials and Methods 

Experimental design 

L. flavus, M. sabuleti and F. lemani ants and nests were sampled from an extensively 

grazed grassland (~1000 m2) in the Burren (Co. Clare, Ireland N 53°52’12”; W 

8°56’52”) in August 2007. Six well developed, heavily populated nests from each ant 

species were randomly selected, with soil showing no recent ant activity in a radius of 

2 m serving as references. At the site, L. flavus constructed mounds so that respective 

reference soils were sampled from open, exposed uncolonised soil. M. sabuleti and F. 

lemani constructed their nests under rocks; reference samples were taken from under 

uncolonised rocks. 

 

Soil, ant and vegetation sampling 

Soil samples were taken from the most active parts of the nests using an ethanol-

sterilised corer (2 x 15cm). Similar volumes of reference soil were also taken, with the 
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top 2cm layer discarded. Soil samples were transferred into sealable bags and stored 

at 4ºC in the field. In the laboratory, samples were immediately 4 mm sieved, 

homogenised and air dried for further measurements. Larger material and remaining 

ants were discarded. From the same nests, live ant specimens were sampled with a 

pooter and immediately sedated in ethanol and subsequently desiccated in vials 

containing silica gel and freeze dried upon arrival in the laboratory. 

Vegetation diversity and abundance were surveyed at the time of soil sampling. Each 

sampling point (i.e. nest or reference) was centred in a 1 m2 quadrat and the enclosed 

vegetation was identified in situ to species level. Lasius flavus mounds were analysed 

separately from the surrounding surface within the 1m2 square. 

 

Physico-chemical measurements 

Soil pH was measured in a 1:2.5 soil:water mixture as described by Alef and 

Nannipieri (1995). Total soil moisture content was determined gravimetrically. Total 

soil carbon and nitrogen, and their stable isotopic signatures (13C and 15N), were 

measured simultaneously from oven-dried soil. A subsample of this was pulverised 

with a ballmill and approximately 20 mg was then weighed into silver capsules. To 

remove soil carbonates, all samples were fumigated in a desiccator containing HCl-

vapour for 12 h as described by Harris et al. (2001). Carbon and nitrogen data are 

reported on a weight by weight basis (%); data could not be expressed on a bulk basis 

due to the use of small soil samples to avoid excessive disturbance of ant nests. Fifty 

randomly selected, freeze-dried adult workers from each nest were cut at the petiole 

and separated into thorax and gaster. Tissue was pulverised using a Hybraid Ribolyser 

at 5.5 m s-1 for 60 s and approximately 3 mg of pulverised thorax and abdomen tissue 

was weighed separately into tin capsules.  
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All isotopic ratios are expressed in delta (δ) in parts per thousand (‰): 

δX(‰)=(Rsample/Rstandard-1)*1000, where X=13C or 15N and R=13C/12C or 15N/14N, 

respectively. Rstandard is the ratio of Pee Dee Belemnite for 13C, and that of 

atmospheric N2 for 15N. C, 13C, N and 15N contents were determined on a Shimadzu 

mass-spectrometer with a dual inlet at the Stable Isotope/Soil Biology Laboratory of 

the University of Georgia Odum School of Ecology University of Georgia, Athens, 

USA.  

 

Microbial activity and diversity measures 

Total soil dehydrogenase enzyme activity was used as a measure for microbial 

activity and was analysed using a modified triphenyltetrazolium chloride (TTC) 

method as described by Alef and Nannipieri (1995).  

Microbial DNA was extracted from 0.5 g of field-moist, 4 mm sieved and 

homogenised soil using the method described by Griffiths et al. (2000). Presence of 

good quality DNA was confirmed by electrophoreses and DNA concentrations were 

quantified on a UV spectrophotometer and standardised to ~30 ng µl-1 for downstream 

analyses. Each sample was extracted in triplicate. All PCR reactions were carried out 

in 50 µl volumes, containing 10 µl of 10X PCR buffer (Promega), 5 µl each of 0.3µM 

forward and reverse primers, 1.25 µl of 10 mg ml-1 BSA (New England Biolabs Inc.), 

1 µl of each dNTP (10 mM each, Sigma), 2.5 µl of ultra clean H2O (Fluka) and 0.25 

µl (2.5 U) of Taq DNA polymerase (Promega). 1 µl of template DNA was added to 

25 µl of ultra clean H2O prior to adding the PCR mix.  

Bacterial, ammonia-oxidiser and nitrogen fixer diversity were assessed using 

terminal restriction fragment length polymorphism (T-RFLP). For bacteria, the 16S 

rRNA gene was amplified using the forward (F27) 5’-
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AGAGTTTGATC(C/A)TGGCTCAG-3’ and reverse (R1649) 5’-

ACGG(C/T)TACCTTGTTACGACT-3’ (Lane et al., 1991) primer pair. For nitrogen 

fixers, the nifH gene was amplified using the forward (nifH-F) 5’-

AAAGGYGGWATCGGYAATCCACCAC-3’ and reverse (nifH-R) 5’- 

TTGTTSGCSGCRTACATSGCCATCAT-3’ (Poly, 2001) primer pair. From these, 

approximately 50 ng PCR product was digested at 37ºC for 12 h in 2 µl of 10X 

NEBuffer4 together with 20 U of MspI restriction endonuclease (New England 

Biolabs Inc.) in a final volume of 20 µl. For ammonia-oxiders, the amoA gene was 

amplified using the forward (amoA-1F) 5’- GGGGTTTCTACTGGTGGT-3’ and 

reverse (amoA-R) 5’- CCCCTCKGSAAAGCCTTCTTC-3’ (Rotthauwe et al., 1997) 

primer pair. From this, approximately 50 ng PCR product was digested at 65ºC for 12 

h in 2 µl of 10X NEBuffer4 together with 20 U of TaqI restriction endonuclease (New 

England Biolabs Inc.) in a final volume of 20 µl. The digested products were desalted 

and cleaned in ethanol. Fungal diversity was assessed using automated ribosomal 

intergenic spacer analysis (ARISA), for which the ITS region was amplified using the 

forward (ITS1F) 5’-CTTGGTCATTTAGAGGAAGTAA-3’ (Gardes and Bruns, 

1993) and reverse (ITS4) 5’- TCCTCC GCTTATTGATATGC-3’ (White et al., 1990) 

primer pair. All forward primers were labelled with a 6-FAM (6-carboxyfluorescein) 

(Applied Biosystems).  

PCR products were confirmed on a 1% agarose gel and subsequently purified 

using a high pure PCR product cleanup kit (Roche) as per manufacturer’s instructions, 

prior to fragment length determination by electrophoresis using a 600LIZ (for T-

RFLP) or a 12000LIZ (for ARISA) size standard on a 3031 ABI Genetic Sequencer 

(Applied Biosystems). Electrophoresis was carried out on a 36 cm (for T-RFLP) and a 

50 cm (for ARISA) capillary, and fragments were separated at 60°C and 4 kV for 120 
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min to allow for separation of the larger fragments. Analysis of fragment profiles was 

performed using the Genemapper (Applied Biosystems) software. Fragments were 

sorted according to Ribosort software (Scallan et al., 200x).  

 

Statistical analyses 

All data were screened for normality (Shapiro-Wilk test) and transformed when 

necessary (square root). One-way ANOVA was performed on both univariate and 

multivariate data with “species” (i.e. L. flavus, M. sabuleti, F. lemani, open references 

and rock references) as a fixed factor. When significant differences were detected in 

the main tests, post-hoc pair-wise comparisons of means were carried out using 

Tukey’s HSD to explore differences between ant nest and reference soils (e.g. L. 

flavus nests vs. open reference soils). Significant differences are reported at a 0.05 

probability level. All univariate analyses were computed using SAS v.10 (SAS 

Institute Inc. Chicago, USA). 

Multivariate methods were employed to analyse differences in vegetation and 

microbial assemblages associated with ants. Similarity matrices were computed using 

Bray-Curtis similarities (Bray and Curtis, 1957) between samples on fourth-root 

transformed abundance data. Distance-based permutational multivariate analyses of 

variance (PERMANOVA, Anderson, 2001) were computed to test the null hypotheses 

of no differences among assemblages across the treatments (at a significance level of 

α=0.05) using similar models to the univariate analyses. Probabilities were based on 

104 permutations of the raw data. These results were further visualised using non-

parametric multidimensional scaling (nMDS, Clarke, 1993) and canonical analysis of 

principal coordinates (CAP, Anderson and Willis, 2003). The best solutions for 

ordinations are shown as two dimensional graphs. All multivariate analyses were 
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computed using the PERMANOVA+ for PRIMER v.6 software package (PRIMER-E 

Ltd. Plymouth, UK). 

 

Results 

Soil physico-chemical characteristics 

Soil moisture content was significantly different between L. flavus, M. sabuleti and 

F.lemani nests and reference soils (F4,29=37.822, P<0.001). Soil from L. flavus nests 

was the driest, and the open reference was the wettest, but no significant differences 

were found between M. sabuleti and F. lemani nests. Soil pH significantly differed 

(F4,29=11.182, P<0.001) between nests and references. Soil pH of L. flavus nests was 

significantly lower than that of M. sabuleti, F. lemani nests; no significant differences 

in pH were detected between nests and respective reference soils (Table 1). 

Soils from the open references contained significantly more total soil carbon 

(F4,29=11.772, P<0.001) than all other samples (Table 1), but total soil carbon contents 

were similar in all nests. However, when comparing nests with their respective 

reference soils, M. sabuleti and F. lemani nests had significantly more total soil 

carbon than their respective rock reference soils (F2,17=4.172, P=0.036), with L. flavus 

nests also significantly higher in TSC than their open reference soils. Similarly, nests 

and reference soils contained different levels of total soil nitrogen (F4,29=4.138, 

P=0.006) (Table 1), with L. flavus nests having the lowest amount of N. In fact, total 

soil nitrogen in L. flavus nests was significantly lower than for both open reference 

soils and F. lemani nests. However, total soil nitrogen in M. sabuleti and F. lemani 

nests and the rock references were not significantly different. C:N ratios were also 

significantly different (F4,29=7.133, P=0.001), with open reference soils significantly 
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having the highest C:N ratio and rock reference soils the lowest. However, the C:N of 

all nests was not significantly different (Table 1).  

 

Vegetation diversity associated with ant nests 

A total of 38 different plant species was identified in 1 m2 quadrats on L. flavus, M. 

sabuleti, F. lemani nests and reference soils (Supplementary Table 1a), with Carex 

species being the most dominant overall based on total abundance. Mean number of 

plant species (Sveg) was significantly different between all nests and references, with 

L. flavus nests having significantly fewer plant species than both the other nests and 

reference soils (Table 2). In addition, multivariate ANOVA showed that vegetation 

assemblages were significantly different (F4,29=3.145, P<0.001), with L. flavus nests 

having differing vegetation assemblages compared to nests of the other ant species 

and both the reference soils. Vegetation assemblages on M. sabuleti and F. lemani 

nests and the reference soils, however, were not significantly different from each 

other. To support these findings, ordination by nMDS analysis clearly showed these 

differences (Fig. 1). This figure also includes Spearman rank correlations (rs) of plant 

species and vegetation assemblages. For clarity, only correlations of rs
 > 0.75 are 

shown. Thymus praecox was notably abundant on L. flavus nests, followed by Festuca 

rubra and Lotus corniculatus. However, Plantago maritima correlated mainly with F. 

lemani nests (Fig. 1), whereas Carex spp. were predominantly found on all nests and 

references, except L. flavus nests.  

 

Stable isotopes of ant nest and reference soils, and ant tissues. 

Soil13C and soil15N were determined to assess whether different ant behaviour was 

reflected in bulk nest material. 13C in both ant nests and reference soils was 
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significantly different (F4,29=8.048, P<0.001) and values of all nest and reference soils 

ranged from -26.84±0.06 to -26.07±0.12‰, with the open reference and L. flavus 

nests both being significantly more depleted in 13C than M. sabuleti, F. lemani and 

rock reference soil. 13C levels in soil from L. flavus nests were significantly different 

from all other samples, whereas 13C in soils from M. sabuleti and F. lemani nests and 

rock reference soils were not significantly different from each other (Fig. 2). Soil15N 

values were significantly different between the nests and references (F4,29=3.460, 

P=0.019), with L. flavus nest soil being the most enriched in 15N (2.66±0.16‰) 

compared with the other samples, whereas soils from the open reference were the 

most depleted in 15N (1.29±0.18‰). However, soils from M. sabuleti, F. lemani nests 

and the rock references were not significantly different (Fig. 2). 

When ant tissue was analysed, abdomen tissues were significantly more 

depleted in 13C compared to thorax tissue (F1,35=466.67, P<0.001). Amongst abdomen 

tissue, L. flavus had significantly less 13C than M. sabuleti and F. lemani (F2,17=4.082, 

P=0.026), while 13C values of M. sabuleti and F. lemani abdomen tissue were similar. 

Thorax 13C ranged between -25.82±0.11 to -25.54±0.16‰ but there were no 

significant differences between the ant species (F2,17=3.460, P=0.064) (Fig. 2). 15N 

was also significantly different between abdomen and thorax (F1,35=12.022, P=0.002), 

where abdomen tissue was more depleted in 15N (0.42±0.12‰) than thorax tissue 

(Fig. 2). Within abdomen tissue, 15N ranged between 2.37±0.10 to 3.01±0.22‰, with 

M. sabuleti being significantly more enriched in 15N than F. lemani, (F2,17=3.515, 

P=0.049). L. flavus abdomen 15N was similar to that of M. sabuleti and F. lemani. 

Thorax tissue 15N ranged between 3.06±0.23 to 3.25±0.25‰ but there were no 

significant differences between the ant species (F2,17=0.373, P=0.699). 
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Microbial activity and diversity 

Soil microbial activity, measured as dehydrogenase activity, was significantly 

different between the ant nests and reference soils (F4,29=4.401, P=0.010). L. flavus 

nests had the least microbial activity (858±154 µg TPF g-1 soil 24 h-1, not significantly 

different from the open reference soils), whereas M. sabuleti had the highest 

(1493±132 µg TPF g-1 soil 24 h-1). Activity in both M. sabuleti and F. lemani nests 

was significantly higher than that in the rock reference soils. 

In total, 153 different 16S rRNA fragments were identified. The mean number 

of bacterial fragments (S16S) ranged between 76.3±6.4 and 86.0±1.7 with no 

significant differences between any of the soils (Table 2). Soil bacterial assemblages 

were further explored using permutational MANOVA (Table 3) and were 

significantly different (F4.19=2.852, P<0.001) between all nests and reference soils. L. 

flavus nests were found to be significantly different from those in soil of the open 

reference soils. The open reference soils also contained different assemblages from all 

other samples. Soil in nests of the rock dwelling ant M. sabuleti did not significantly 

harbour different bacterial assemblages from soil of the rock reference, as opposed to 

F. lemani, which was different from the rock reference soils. However, both M. 

sabuleti and F. lemani had similar bacterial assemblages in their nests. To visualise 

these differences, a CAP ordination (Fig. 3a) was computed which supported the 

permutational MANOVA findings (correlation of first canonical axis=0.887, 

P=0.004).  

In total, 286 different fungal ITS genes were amplified. The mean number of 

fungal ribotypes (SITS) ranged between 44.2±14.5 and 88.8±4.6 with no significant 

differences (F4,29=2.197, P=0.095) between any of the soils (Table 2). Soil fungal 

assemblages were significantly different (F4.29=2.646, P<0.001), when comparing all 
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samples (Table 3). All nest soils harboured significantly different fungal assemblages 

from all of the reference soils. Fungal assemblages in L. flavus nests were highly 

significantly different from those in soil of the open reference soils, while those in M. 

sabuleti and F. lemani nests were significantly different from the rock reference soils. 

However, fungal assemblages were not significantly different when comparing soils 

from L. flavus, to F. lemani nests. To visualise these differences, a CAP ordination 

was computed and clearly supported (correlation of first canonical axis=0.971, 

P=0.001) the permutational MANOVA findings (Fig. 3b).  

In total, 205 different amoA genes were amplified and the mean number of 

fragments ranged between 56.8±9.2 and 71.8±5.7 with no significant differences 

(F4,29=0.931, P=0.459) (Table 2). Ammonia-oxidiser assemblages were significantly 

different (F4.29=1.740, P=0.001) between ant nest and reference soils. Those in soils of 

L. flavus nests were significantly different from soil of the open reference, but M. 

sabuleti and F. lemani nests did not harbour significantly different amoA assemblages 

from rock references. Also M. sabuleti nests had similar amoA assemblages compared 

to F. lemani nests, but both rock dwelling ant species harboured significantly different 

soil amoA assemblages compared to L. flavus nests. Soil from the open reference and 

the rock reference also harboured significantly different amoA assemblages. A CAP 

ordination visualised these findings, and the ordination supported (correlation of first 

canonical axis=0.995, P=0.023) the permutational MANOVA findings (Fig. 3b).  

In total, 327 different nifH genes were amplified from soils of L. flavus, M. 

sabuleti and F. lemani nests and reference soils. The mean number of nifH fragments 

(SnifH) ranged between 143.5±9.5 and 154.0±3.3 with no significant differences 

(F4,29=0.504, P=0.775) (Table 2). Overall, nifH assemblages were significantly 

different (F4.19=1.224, P=0.024), but those in soils of nests of L. flavus, M. sabuleti 
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and F. lemani were not significantly different. Also, when compared with the 

respective reference soils, no significant differences in nifH assemblages could be 

detected. However, soils of the rock and open references harboured significantly 

different nifH assemblages. Soil of L. flavus nests had different nifH assemblages 

compared to the rock reference soils, and soil of M. sabuleti nests was different from 

soil of the open references, albeit these differences were borderline significant. These 

findings are visualised in a CAP ordination (Fig. 3d) and supported the permutational 

MANOVA findings (correlation of first canonical axis=0.794, P=0.061). 

 

Discussion 

Stable isotopes and physico-chemical characteristics 

Three ant species were specifically selected for their differing feeding and nest 

building behaviour. Stable isotopic compositions of animal tissue can provide insight 

into the trophic position of the animal (e.g. Schmidt et al., 2004), with consumers 

typically enriched in 15N and 13C relative to their diet (deNiro and Epstein, 1978, 

1981) and the magnitude of enrichment influenced by feeding behaviour or diet 

quality. Stable isotopic values of L. flavus tissue were higher than expected. This did 

not match the feeding behaviour of L. flavus as suggested by the literature, which is 

believed to depend highly on honeydew excreted by root aphids (Holldöbler and 

Wilson, 1990). Nevertheless, honeydew is known to be enriched for both 15N and 13C 

compared to plant phloem (Sagers and Goggin, 2007), which may account for the 

observed elevated levels. It may also suggest that L. flavus workers prey on soil 

decomposer communities (such as collembola, (Schuch et al., 2008)) more than 

previously thought. These results agree with findings by O’Grady et al. (2010), who 

examined 15N and 13C ratios of eight ant species (including L. flavus M. sabuleti and 
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F. lemani)) and also found unexpectedly high 15N values for L. flavus. They also 

concluded that the diet of F. lemani is more generalist than observations previously 

indicated. Fiedler et al. (2007) studied 15N contents of ant taxa across 52 Central 

European sites, and found that tissue of M. sabuleti was especially enriched in 15N, 

suggesting a predominantly predacious nitrogen source, whereas L. flavus and F. 

lemani tissue had intermediate values for 15N.  

Stable isotopic values of soil organic matter in nests also provide insight into 

the feeding and nesting behaviour of ants, as it is likely that a large proportion of soil 

organic matter in the galleries is ant-derived (Wagner and Nicklen, 2010). Soils of L. 

flavus nests generally were more enriched in 15N when compared either to their 

reference soils or to soils from M. sabuleti and F. lemani nests. This was also 

somewhat surprising as 15N enrichment might be more characteristic of ant species 

that actively hunt for animal prey or scavenge. In addition, F. lemani and M. sabuleti 

may have accumulated material with different isotopic ratios in their nests from the 

surrounding area. Their differing predacious nature could lead to different 15N levels 

in nest soil organic matter, derived from differing organic debris.  

Nests of L. flavus have been found to persist for decades and are constructed 

from material that has been collected from underground and deposited as mounds 

(King, 1977c). Consequently, soil organic matter in L. flavus nests may not represent 

recent natural abundant 13C and 15N ratios, but rather represent a mixture of “old” and 

“new” material. In addition, assuming that the diet of L. flavus largely consists of 

honeydew excreted by root aphids, accumulation of organic debris inside the nests is 

likely to be minimal. Nevertheless, 13C and 15N ratios in nests differed strongly from 

those of reference soils suggesting that ant-mediated ecosystem engineering effects 

and ecological behaviour are reflected in the stable isotopic ratios of the soil organic 
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matter in their nests. Overall, all three selected ant species significantly altered several 

abiotic nest soil variables including total soil C and N, C:N, moisture content and soil 

pH. Nevertheless, these ecosystem engineering effects were more evident in the nests 

of L. flavus than in those of M. sabuleti and F. lemani.  

Interestingly, soils from L. flavus nests were generally more depleted in total 

soil carbon than reference soils. This finding contrasts with other studies where nest 

soils of Lasius species (including L. flavus and L. niger) were reported to have 

increased organic matter (e.g. Dauber et al., 2001), and consequently enhanced C. Ant 

activity in these types of nests is likely to be concentrated mostly in galleries, which 

may be prone to relocation within the nest. Even though care was taken in this study 

to sample active galleries, samples may have also included bulk soil, comprising the 

“body” of the nest, with inherently lower ant activity. Soil used in nest building may 

also be taken from lower soil horizons, which would be more depleted in organic 

material than the reference soils sampled. Nests also have a changed vegetational 

cover which may also change nest soil organic contents if plant litter inputs change 

quantitatively or qualitatively. Since the ants, especially L. flavus, affected soil 

properties, including carbon and nitrogen, they could substantially influence above- 

and belowground food webs and this may subsequently have significant conservation 

implications for grassland ecosystems. 

 

Vegetation diversity 

The occurrence of different vegetation assemblages on and around ant nests is 

an explicit example of ant-mediated environmental change. Differences in vegetation 

may result from the alteration of several soil properties, or more directly through 

effects on seed dissemination. Ants directly affected soil parameters (e.g. moisture 
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content and nutrient stocks), which would select for different vegetation. M. sabuleti 

and F. lemani, which construct nests under rocks, did not affect vegetation 

assemblages in the proximity of their nests in this study. This may reflect that their 

nests are typically short-lived and do not persist long enough to influence vegetation. 

Nevertheless, ground-dwelling ants have been reported to affect plant diversity by 

chewing on roots that penetrate their nests (King, 1977a, b, c), or by collection of 

seeds from around their nests as food. F. lemani and M. sabuleti are known to collect 

seeds to feed on elaiosomes, and subsequently to act as dispersal agents (Gorb et al., 

2000; Dostál 2005; Bas et al., 2009). In contrast, L. flavus had profoundly different 

vegetation on their nest mounds as compared to the surrounding vegetation, with high 

abundances of wild thyme (Thymus), as noted elsewhere (Haarløv, 1960; King, 

1977a) L. flavus is not known to be an active seed-disperser (Dostál, 2005), so 

vegetation assemblages may result from effects that L. flavus exerts on soil properties 

(Lenoir, 2009). From a conservation point of view, in perennial grassland ecosystems 

(Castracani and Mori, 2006), ant nests may provide suitable microsites as viable seed 

banks, which may be crucial for the regeneration and the maintenance of plant 

populations (Dauber et al., 2006). 

 

Bacterial and fungal communities 

Soil microbial activity, as measured by dehydrogenase activity, was greater in 

nests of M. sabuleti and F. lemani, when compared to their reference soils, suggesting 

that the presence of these ants enhanced microbial activity. Dauber et al. (2001) 

compared nests of Lasius and Myrmica species and found that microbial activity was 

increased in nests of Myrmica only. In our study, soils of L. flavus nests were 

generally drier and had less organic matter, which could influence microbial activity. 
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M. sabuleti and F. lemani nests generally contained more moisture, and additionally 

may have accumulated and concentrated organic debris from detritus in their nests. 

This detritus may subsequently result in increased decomposition, mediated by soil 

microbes.  

Molecular methods have not been used previously to our knowledge to 

elucidate the microbial ecology of temperate ant nest soils. Microbial communities in 

the nests of the three ant species substantially differed, but also differed from 

surrounding uncolonised soils. Differences were more marked for bacterial and fungal 

assemblages, but less so for communities involved in nitrogen cycling processes (N-

fixation, ammonia oxidation). Bacterial assemblages associated with nests of M. 

sabuleti and F. lemani differed between the two species and compared to the 

uncolonised rock reference soils.  This amy have been driven by accumulation of 

organic material by ant activity in the nest and alteration of other factors such as 

moisture and pH. Similarly, L. flavus nest soil harboured different bacterial 

assemblages, compared to the other ant species and respective reference soils.  This 

may also reflect similar driving factors, but also including vegetational changes and 

drier environment.  Bacterial communities have not been explored in depth in 

temperate ant species before. 

Soil fungal assemblages were highly different in soils from different ant 

species and when nest soils were compared to reference soils. Ants may have specific 

roles in determining microbial diversity in their nests. For example, Dauber et al. 

(2008) suggested that L. flavus ants had an indirect positive effect on the colonisation 

of grass roots by arbuscular mycorrhizae, resulting from altered abiotic and biotic soil 

conditions. Using culture-based approaches (BIOLOG microplates), they also 

considered that the functional diversity of arbuscular mycorrhizae was reduced in ant 
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mounds. Mycorrhizal fungi form beneficial symbiotic relations with plants (e.g. 

Allen, 1991), and therefore ants can indirectly affect plant performance by altering the 

diversity and biomass of mycorrhizas. Friese and Allen (1993) demonstrated that 

bioturbation by ants can lead to fungal spore accumulation, therefore ants may 

indirectly affect fungal abundance and diversity in ant nests. Baird et al. (2007) 

explored the occurrence of bacteria and fungi in the nests of fire ants (Solenopsis spp.) 

and found that bacterial and fungal taxa were similar between nest mounds, which did 

not alter much over time. They also confirmed the occurrence of a microbial insect 

pathogen, Beauveria bassiana, in both nest soil and on the ant body. In addition, 

Tartally et al. (2007) identified a non-obligatory myrmecophilous fungus (Rickia 

wasmannii) infecting nests of Myrmica ants, targeting the cuticle, and which can be 

fatal.  

  Many ant nests have highly stable environments for moisture, temperature, pH 

and CO2 content (Höldobler and Wilson, 1990; Dauber et al., 2001; Cammeraat and 

Risch, 2008). It is known that soil pH and moisture strongly correlated with soil 

bacterial and fungal diversity (Girvan et al., 2003; Lauber et al., 2009). Therefore, this 

ant-mediated ecosystem engineering may be attributed to any indirect influence ants 

may have on soil microbes. As a consequence, ant nests may provide unique micro-

habitats for many soil organisms (Laakso and Setälä, 1998), including microbes. To 

identify direct and indirect ant effects on soil microbial assemblages, a more 

experimental approach would be required, but non-experimental field surveys can still 

provide insight into the dynamics of ant associated microbial ecology.  

 

Nitrogen-fixer and ammonia-oxidiser communities 
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 Soil nitrogen cycling is accomplished by diverse microbial assemblages using 

several functional genes, which include nitrogenase reductase (nifH) and ammonia 

monooxygenase (amoA) genes. Relationships between microbial diversity and 

nitrogen cycling processes are still relatively poorly understood (Schimel, 2005), 

especially in soil ecosystems. Soils of L. flavus, M. sabuleti and F. lemani nests 

harboured diverse diazotrophic and ammonia oxidiser assemblages. Also, compared 

to soils from references, nifH and amoA assemblages were significantly different. 

From two contrasting types of forest soil, Wallenstein and Vilgadys (2005) measured 

the relative abundances of nifH and amoA gene copies and found that these were 

different. They suggested that differences in soil nitrogen cycling communities in 

different habitats are likely to be important for nitrogen cycling processes. As ants do 

alter the environment by their activity, differences between the composition of these 

functional genes in nests may be significant.  

 Ant nests may contain hot spots of organic debris (Dauber et al., 2001) as ants 

are known to have organised nests which include dedicated areas for waste material 

(Holldöbler and Wilson, 1990). Well established and complex nest systems –for 

example those of L. flavus- are more likely to be organised as such. Also the relatively 

younger nests of M. sabuleti and F. lemani contained galleries lined with accumulated 

organic material. This material can provide ample substrate for decomposing 

microbes, with increased ammonia production and downstream effects on N-cycling. 

The oxidation of ammonia to nitrite is a crucial step in the soil nitrogen cycle, carried 

out by ammonia oxidising bacteria. Changes in the production of ammonia, resulting 

from altered decomposition rates in nest soils may subsequently lead to altered 

abundances and shifts in ammonia oxidising assemblages. Fixed atmospheric nitrogen 

by free-living diazotrophs enters the soil food web as constituents of microbial 
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biomass (Evans et al., 1991), which subsequently becomes available for other soil 

organisms. Increased N fixation would therefore hypothetically result in increased 

total soil N concentrations. However due to the many and complex processes 

occurring in soil, this fixed nitrogen may be distributed into different nitrogen-pools.  

 

In conclusion, ants with different nesting and feeding behaviours do promote different 

microbial communities within their nests.  This is particularly pronounced for 

bacterial and fungal communities, but less so for bacterial coommunities associated 

with the N cycle.  This may reflect a number of associated ant mediated 

environmental modifications including vegetational change and changes in soil 

physico-chemical characteristics (pH, moisture, carbon content andnitrogen content).  

Species that produced extensive nests of long duration had particularly pronounced 

changes in microbial communities in nests.  In all cases, nest microbial assmblages 

differed from those of surrounding soils, reflecting the ability of ants to alter both 

abiotic and biotic components relating to their nests. 
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Figures and Tables 
Table 1. Physico-chemical characteristics of soils from L. flavus, M. sabuleti, F. 

lemani nests and reference soils (mean ± sem, n=6). 

 Moisture (w/w) pH Total C(%) Total N(%) C:N 
L. flavus 0.24±0.00 5.97±0.19 12.23±0.82 1.06±0.05 11.48±0.25 

M. sabuleti 0.45±0.03 6.65±0.06 13.23±0.60 1.15±0.04 11.51±0.27 

F. lemani 0.44±0.01 6.77±0.03 13.10±0.54 1.28±0.10 10.46±0.56 

Open ref. 0.52±0.02 6.20±0.12 17.50±1.21 1.38±0.10 12.72±0.21 

Rock ref. 0.43±0.02 6.78±0.03 11.13±0.64 1.16±0.10 10.54±0.37 

ANOVA      

Species F(4,29)=37.822, 
P<0.001 

F(4,29)=11.182, 
P<0.001 

F(4,29)=11.772, 
P<0.001 

F(4,29)=4.138, 
P=0.006 

F(4,29)=4.001, 
P=0.014 

 

Table 2. Mean and total number of plant species (Sveg), fragments of bacterial 16S 

rRNA (S16S), fungal ITS (SITS), ammonium oxiders (SamoA) and nitrogen fixers (SnifH) 

associated with L. flavus, M. sabuleti, F. lemani nests and reference soils (mean ± 

sem, n=6). 

 Sveg S16S SITS SamoA SnifH 
Open ref. 15.2±0.9 86.0±1.7 79.3±6.1 71.8±5.7 153.5±4.7 

Rock ref. 17.0±1.0 82.2±1.0 88.8±4.6 63.7±4.7 143.5±9.5 

L. flavus 11.3±1.1 82.2±2.1 59.0±14.3 66.0±4.1 152.2±6.2 

M. sabuleti 15.7±1.2 81.3±2.3 64.7±13.6 60.8±8.0 143.3±12.4 

F. lemani 16.8±0.9 76.3±6.4 44.2±14.5 56.8±9.2 154.0±3.3 

Total  38 153 286 205 327 
ANOVA 

Source      
Species F(4,29)=9.08, 

P<0.001 
F(4,29)=1.192, 
P=0.335 

F(4,29)=2.197, 
P=0.095 

F(4,29)=0.504, 
P=0.775 

F(4,29)=0.931, 
P=0.459 
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Table 3. Permutational MANOVA table of bacterial (16S rRNA), fungal (ITS), 

ammonia-oxidiser (amoA) and nitrogen fixer (nifH) assemblages found in soils of L. 

flavus, M. sabuleti and F. lemani nests and reference soils. Pair-wise comparisons are 

t-values with superscript P values, those in bold indicate significant differences. P 

values were calculated based on 104 possible permutations. 

 16S rRNA Fungal ITS 
Species F4,29=2.852 P<0.001 F4,29=2.646 P<0.001 

 
Pair-wise comparisons 

L. flavus vs. Open ref. 1.7590.011 1.5390.009 
L. flavus vs. M. sabuleti 1.3190.102 1.5920.004 
L. flavus vs. F. lemani 1.9500.002 1.1720.101 
L. flavus vs. Rock ref. 1.4560.036 1.6240.004 
M. sabuleti vs. F. lemani 1.2160.176 1.4580.061 
M. sabuleti vs. Open ref 1.6060.021 1.6190.003 
M. sabuleti vs. Rock ref. 0.9900.404 1.7810.002 
F. lemani vs.Open ref. 2.5250.002 1.7830.003 
F. lemani vs. Rock ref. 1.7740.004 1.7270.002 
Open ref. vs. Rock ref. 2.1410.050 1.8300.017 

 
 amoA nifH 
Species F(4,29)=1.740 P<0.001 F(4,29)=1.224 P=0.024 

 
Pair-wise comparisons 

L. flavus vs. Open ref. 1.4010.015 1.1230.137 
L. flavus vs. M. sabuleti 1.4580.005 1.1110.121 
L. flavus vs. F. lemani 1.4680.009 0.9680.493 
L. flavus vs. Rock ref. 1.4530.007 1.2030.043 
M. sabuleti vs. F. lemani 1.1490.174 1.0320.383 
M. sabuleti vs. Open ref 1.2020.095 1.2070.048 
M. sabuleti vs. Rock ref. 1.0800.174 0.8580.669 
F. lemani vs.Open ref. 1.3750.012 1.0830.203 
F. lemani vs. Rock ref. 1.1230.218 1.0620.289 
Open ref. vs. Rock ref. 1.3870.021 1.3430.023 
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Figure 1. Total soil δ13C(‰) versus δ15N(‰) isotope natural abundance of soil from 
L. flavus, M. sabuleti and F. lemani nests and references, and abdomen en thorax 
tissue. Closed symbols represent nests, open symbols references; ●= L. flavus; ○= 
Open reference; ■=M. sabuleti; ▼= F. lemani; □= Rock reference (Mean ± SE, n=6). 
Dashed squares are inserted for the sole purpose of highlighting different groups, and 
are not based on any statistical analyses. 
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Figure 2.  nMDS of vegetation assemblages on nests from different ant species and 
their reference soils. Superimposed are plant species with a correlation rs > 0.75 with 
the nMDS axes. ●= L. flavus, ♦=M. sabuleti, ■= F. lemani, ○= Open reference, □= 
Rock reference (n=6).  
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Figure 3. Canonical analysis of principal coordinates of a) bacterial assemblages 
(correlation of x-axis=0.887, P=0.004; y-axis=0.819, m=12, classified 
correctly=66.7%); b) fungal assemblages (correlation of x-axis=0.971, P=0.001; y-
axis=0.967, m=21, classified correctly=93.3%); c) ammonia-oxidiser assemblages 
(correlation of x-axis=0.937, P=0.001; y-axis=0.870, m=14, classified 
correctly=68.3%); d). nitrogen fixer assemblages (correlation of x-axis=0.794, 
P=0.061; y-axis=0.661, m=12, classified correctly=70%) in soils of ant nests and 
reference soils. ●= L. flavus; ○= Open reference; ■=M. sabuleti; ▼= F. lemani; □= 
Rock reference. 
 
  

 


