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Abstract 24 

Important steps in developing reliable bioindicators for soil quality are characterising soil biodiversity 25 

and determining the response of its components to environmental factors across a range of land uses 26 

and soil types. Baseline data from a national survey in Ireland were used to explore relationships 27 

between diversity and composition of micro-organisms (bacteria, fungi, mycorrhiza), and micro-, 28 

meso- and macro-fauna (nematodes; mites; earthworms, ants) across a general gradient representing 29 

dominant land-uses (arable, pasture, rough-grazing, forest and bogland). These diversity data were 30 

also linked to soil physico-chemical properties. Differences in diversity and composition of meso- and 31 

macrofauna, but not microbes, were clear between agriculturally-managed (arable and pasture) and 32 

extensively-managed (rough-grazing and bogland) soils corresponding to a broad division between 33 

„mineral‟ and „organic‟ soils. The abundance, richness and composition of nematode and earthworm 34 

taxa were significantly congruent with a number of the other groups. Further analysis, using 35 

significant indicator species from each group, identified potential target taxa and linked them to soil 36 

environmental gradients. This study suggests that there is potential surrogacy between the diversity of 37 

key soil taxa groups and that different sets of bioindicators may be most effective under agricultural 38 

and extensive land-use. 39 

 40 

Keywords: Soil monitoring, land use, biodiversity, physico-chemical gradients, bioindicators, soil 41 

community structure. 42 

43 
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1. Introduction 44 

Large-scale soil monitoring schemes that include biological measurements are already established in 45 

many European countries [e.g. 1,2,3]. These are important in detecting impacts of broader 46 

environmental changes but also in assessing more specific effects of land management practices on 47 

soil organisms and the ecosystem services they support. The EU thematic strategy on soil protection 48 

has identified major threats to soil quality and biodiversity [4]. However, no integrated EU-wide 49 

programme of biological monitoring exists and therefore recent impetus has been towards a reliable 50 

and harmonised programme across different countries [5,6,7,8]. 51 

 While the advantages of a harmonised system are clear, it is challenging to reach consensus 52 

on which groups of taxa, or particular “keystone” taxa, act as good indicators of soil quality and 53 

should be monitored [5,9]. Indeed, there are different types of bioindicator, and the appropriate 54 

measures may depend on whether the need is for an indicator of soil biodiversity itself, the ecological 55 

soil status, or an environmental change imposed on the soil ecosystem [10]. A number of studies have 56 

examined cross-taxon congruency in aquatic systems e.g. [11,12] and above-ground terrestrial 57 

systems [13,14,15], but such assessments for below-ground biodiversity are scarce. This type of 58 

assessment can subsequently be used to identify potential surrogacy in soil bioindicators. 59 

 Understanding how the diversity of different groups of soil taxa may provide information on 60 

the quality and status of soils remains a challenge, because for many ecosystems we lack biological 61 

typologies and the opportunity for comparative analyses. Consequently, an important step in 62 

developing reliable bioindicators for soil health is the characterisation of soil biodiversity and then 63 

determining the response of its components to environmental factors across a range of land uses and 64 

soil types.  65 

Systematic biodiversity surveys require co-located data including a representative range of 66 

soil taxa, covering dominant land use and soil types over an extensive geographical area in order to 67 

make inferences about potential soil bioindicators. Here, we use data from a national survey of soil 68 

biodiversity carried out in Ireland to a) characterise soil taxa assemblages across five major land uses 69 

(classified as arable, pasture, forest, rough-grazing and bogland), b) examine how abundance, richness 70 
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and composition of different major groups of soil taxa are related to each other across land uses, and 71 

c) determine potential indicator taxa for land use and management and their relationship with soil 72 

environmental factors. 73 

 74 

2. Material and Methods 75 

2.1 National soil biodiversity survey 76 

A baseline soil biodiversity survey („CréBeo‟ project) was undertaken to contribute to the 77 

development of a national soil monitoring network in Ireland. This was linked with an earlier 78 

initiative in soil chemical monitoring, the National Soil Database (NSD) project [16], which contains 79 

site information, a suite of chemical soil measurements and GIS-supported mapping for 1310 80 

locations. A sub-set of the NSD sites was selected, based on a number of criteria including the 81 

inclusion of major land uses and soil types in proportion to their known frequency in Ireland and 82 

geographical spread. In total, 61 sites were sampled during the soil biodiversity survey including 83 

arable (n=14), pasture (n=21), forest (n=10; 5 each of coniferous and broadleaved forest), rough-84 

grazing (n=8) and bogland (n=8) land uses (Table 1; Supplementary Fig. A1). The major soil types 85 

were classified following Gardiner and Radford [17] and included: Acid brown earths (n=10), shallow 86 

brown earths (n=3), brown podzolics (n=9), grey-brown podzolics (n=10), podzolics (n=3), gleys 87 

(n=10), lithosols (n=3) and peats (n=13). Soil data held in the NSD were utilised to examine 88 

relationships between physico-chemical properties and soil taxa. Much of these soil data was 89 

produced by the „SoilC‟ project [18] which had 55 sites in common with the present soil biodiversity 90 

baseline survey. 91 

 92 

2.2 Sampling and processing of soil organisms  93 

A 20 m  20 m plot was centered on the NSD [16] GPS coordinates of each site. The different groups 94 

of soil taxa were sampled within this plot using separate protocols as briefly outlined below (see 95 

Supplementary File A for detailed methods): 96 
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1. Soil bacteria and fungi were surveyed at all sites. Twenty soil cores (20 cm depth) were collected 97 

and bulked per site, sieved (4 mm) and stored at –20ºC for DNA extraction. Molecular fingerprinting 98 

techniques were used to assess general bacterial and fungal diversity. 99 

2. Arbuscular mycorrhizal fungi (AMF) were surveyed within 45 NSD locations in 2006. Bulked soil 100 

samples (obtained from step 1.) were used for bioassays with Trifolium repens L. (White clover) and 101 

molecular fingerprinting techniques were used to characterise the AMF diversity in the plant roots. 102 

3. Nematodes were surveyed at all sites by sugar centrifugation extraction from a 100 cm
3
 sub-sample 103 

of bulked soil (obtained from step 1.). Nematodes were counted and approximately 100 nematodes 104 

from each site were identified to at least genus level (except for Rhabditidae and Neodiplogasteridae).  105 

4. Micro-arthropods (Collembola and Acari) were extracted from 4 intact soil cores (5 cm diameter, 5 106 

cm depth) per site using a Kempson apparatus. Oribatid (mainly detritivorous) and mesostigmatid 107 

(predatory) mites were identified to species level. 108 

5. Earthworms were extracted in the field by hand-sorting four 25 cm  25 cm  25 cm soil blocks 109 

and, where feasible, by chemical expellant from four 50 cm  50 cm quadrats. Mature individuals 110 

were identified to species level. 111 

6. Soil-dwelling ant diversity was assessed using 20-metre-line of crumb baits to attract species that 112 

forage and by visual searches (30–60 min) within a 100 metre-radius of each GPS location. All ants 113 

were identified to species level.  114 

 115 

2.3 Statistical analyses 116 

Unless stated otherwise, all analyses were conducted in the R statistical environment [19]. 117 

The effect of land use on the richness of each soil taxa group was analysed using a Kruskal-Wallis 118 

non-parametric (2
) test since replication of land use was unbalanced. Patterns of site compositional 119 

similarity were investigated using Non-metric Multidimensional Scaling (NMDS). Similarity matrices 120 

were calculated using Bray-Curtis associations on square-root transformed data and clustering of sites 121 

according to soil type and land use was tested by PERMANOVA using the distance matrices in the 122 

adonis function of the vegan package [20]. Homogeneity of multivariate dispersion [21,22] was tested 123 
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using the betadisper function in vegan [20]. However, soil-dwelling ants were omitted for the adonis 124 

analysis due to their sparse coverage and low diversity. The same analyses were repeated using only 125 

the arable and pasture sites to examine whether the patterns were consistent within only agricultural 126 

systems. The effect of soil type was also examined only within arable and pasture sites since it tends 127 

to be confounded by land use in organic soils (e.g. boglands contain peats). 128 

Congruence between different taxa groups was assessed using Spearman correlation of 129 

abundance, richness, Shannon diversity and Bray-Curtis similarity. Spearman coefficients and 130 

significance of correlations for abundance, richness and Shannon diversity were calculated using the 131 

Rcorr function of the Hmisc package [23]. In addition, Mantel tests were used to determine the 132 

significance of rank correlations between Bray-Curtis matrices of different taxa groups in the vegan 133 

package [20].  134 

Indicator species analysis (IndVal) was conducted to examine the fidelity and specificity of 135 

individual taxa to the different land uses [24] within the indicspecies package [25]. Group-equalized 136 

options were used to account for differences in numbers of sites between each land use. The number 137 

of indicator taxa significant at P < 0.05 within each different group of soil taxa and land use were 138 

recorded. This analysis was repeated using only arable and pasture sites to assess potential indicators 139 

within agricultural land uses. We acknowledge that this represents a large number of individual 140 

analyses but consider this as a liberal method of identifying the potential pool of indicator taxa and of 141 

reducing the dataset to taxa likely to be important as indicators. 142 

 The correlation between abundances of all significant indicator taxa (as identified above) and 143 

soil physico-chemical gradients was assessed using Redundancy Analyses (RDA). RDA is a 144 

constrained ordination, aiming to find linear combinations of the predictor variables that explain the 145 

greatest variation in the data cloud [26], based on the smallest residual sum of squares. Small 146 

differences in values of abiotic data between samples can have large impacts on the outcome of 147 

multivariate analyses [27]. Therefore, in order to reduce variation between samples, all abiotic factors 148 

were square-root transformed and standardised. The abundance of all indicator taxa were also 149 

standardised (subtract minimum from value and divide by the range) to account for the different 150 
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scales of measurement between taxa groups. The model to explain variability encompassed a selection 151 

of properties including relatively easy to obtain information (moisture content, pH, bulk density, C, N 152 

and P concentrations), and those that did not show any co-linearity (i.e. where correlation between 153 

variables was <0.80. The RDA was repeated using those indicator taxa identified within IndVal 154 

analyses using arable and pasture sites. RDA analyses were visualised in two dimensional ordinations 155 

using CANOCO for Windows v.4.5 [28] 156 

 157 

3. Results 158 

3.1 The biota 159 

A total of 1148 bacterial, 874 fungal, 446 AMF, 94 nematode, 108 mite, 19 earthworm and 8 ant taxa 160 

were recorded across all sites. The greatest number of taxa recorded at one site was 356 for bacteria 161 

159 for fungi, 78 for AMF, 25 for nematodes, 27 for mites, 11 for earthworm, and 5 for ants. The 162 

greatest number of taxa recorded did not occur at an arable site for any of the taxa groups. The 163 

smallest number of bacteria, fungi and AMF taxa were all recorded at an arable site. The smallest 164 

richness of nematode taxa was recorded at a bogland site, while low richness of mites and earthworms 165 

occurred in several land uses, and all land uses had sites where no ant species were recorded (Table 166 

1). 167 

 168 

3.2 Land use and soil biodiversity 169 

There were significant differences in the richness of nematode, mite, earthworm and ant taxa between 170 

land uses, but not in the richness of bacteria, fungi or AMF (Table 1). Mean taxon richness was 171 

greatest in pasture for nematodes and earthworms, rough-grazing for mites, and both rough-grazing 172 

and bogland for ants (Table 1). This pattern across soil taxa was similar in the land uses where the 173 

greatest number of taxa were recorded (Table 1). There were no differences in the richness of any taxa 174 

between soil types within arable and pasture land uses (data not shown). 175 

There was no significant effect of land use on bacteria composition (F4,35 = 1.02, P = 0.357) or 176 

AMF composition (F4,35 = 1.42, P = 0.065)(Supplementary Fig. B1). However, there was a highly 177 
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significant influence of land use on fungi (F4,35 = 1.20, P = 0.001), nematode (F4,35 = 6.36, P = 0.001), 178 

mite (F4,33 = 1.58, P = 0.001) and earthworm (F4,33 = 3.05, P = 0.001) composition. Although 179 

multivariate dispersion was significantly different between land uses for nematodes (F = 3.9, P = 180 

0.006) and mites (F = 1.6, P = 0.008), visual inspection of the axes of the principal coordinate 181 

indicates that there were clear differences between land uses for nematodes (Supplementary Fig. B2). 182 

Land use explained 11.8%, 13.9% and 12.8% of the variation in bacteria, fungi and mycorrhiza 183 

composition, respectively. In contrast, land use explained almost three times as much of the variation 184 

(31.2%) in nematode composition (Fig. 1) in comparison to that of the microbial taxa. The same 185 

pattern was present across the different taxa when only agricultural sites (arable and pasture) were 186 

included in the analyses, except that the percentage sum of squares explained by land use was lower, 187 

and there were no differences in the composition of any taxa between soil types (data not shown).  188 

 189 

3.3 Congruency between soil taxa groups 190 

Consistent correlations between particular taxa across the different measures were evident for bacteria 191 

and earthworms, fungi and nematodes, fungi and earthworms, and nematodes and earthworms 192 

(Supplementary Table B1). The only significant correlations in the abundance of soil taxa were 193 

between bacteria and earthworms (Fig. 2A), and nematodes and earthworms (Fig. 2B), being 194 

negatively and positively correlated, respectively. There were significant positive correlations in taxon 195 

richness between fungi and earthworms (Fig. 2C), and between nematodes and earthworms (Fig. 2D). 196 

Conversely, there were significant negative correlations between nematodes and earthworms, and ants 197 

(Supplementary Table B1). Positive correlations in composition (Bray-Curtis similarity) were highly 198 

significant for fungi and nematodes, and, as with taxon richness, for fungi and earthworms (Fig. 2E), 199 

and nematodes and earthworms (Fig. 2F). 200 

 201 

3.4 Potential indicator taxa across land uses 202 

IndVal analyses identified 14, 10, 22, 34 and 61 significant indicators for arable, pasture, forest, 203 

rough-grazing and bogland, respectively (Table 2). Bacteria, AMF and ants had no indicators of 204 
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arable and pasture and their greatest number of indicators in bogland, fungi and mites had indicator 205 

taxa in four land uses and their greatest number in rough-grazing; nematodes had indicators in all land 206 

uses except the forest land use, earthworms had indicators in pasture (Table 2). Interestingly, analysis 207 

using only arable and pasture sites resulted in far greater significant results for bacteria and fungi, 208 

being 15 and 11 respectively for bacteria, and 20 and 1 for fungi respectively (Table 2). However, it is 209 

noted that the percentage of significant taxa in bacteria and fungi was not greater than would be 210 

expected by chance at P = 0.05. 211 

 212 

3.5 Indicator taxa across environmental gradients 213 

Indicator taxa were correlated with several physico-chemical soil properties characteristic of the 214 

different land uses (Fig. 3 and 4). Including all land uses, 28% and 20% of variation in species-215 

environment relation was explained by axes 1 and 2, respectively (Table 3). Microbial indicator taxa 216 

(bacteria, fungi, mycorrhiza) were more generally associated with boglands, whereas nematodes and 217 

earthworms indicator taxa were more strongly associated with arable and pasture (Fig. 3; colour 218 

version in Supplementary Fig. B1). Mean bulk density significantly correlated (F = 4.31, P < 0.001) 219 

with the indicator taxa data, being typically lower in the rough-grazing and bogland (extensive land 220 

uses) compared to arable (intensive land use). In addition, Fe and Al significantly correlated with the 221 

indicator data (F = 2.24, P = 0.015 and F = 2.37, P = 0.007, respectively). Al and pH showed a similar 222 

correlation, albeit pH was not significant.  223 

 When only arable and pasture (intensively managed land) were included, 37% and 22% of 224 

variation in species-environment relation was explained by axes 1 and 2, respectively (Table 3). 225 

Again, microbial indicator taxa (bacteria and fungi) were associated together, with arable land use in 226 

this case, and earthworm indicators associated with pasture (Fig. 4). Two mite indicator taxa were 227 

also associated with a small outlier group of pasture sites which appeared to have high concentrations 228 

of Ca and P (Fig. 4; Supplementary Fig. B2). With only arable and pasture sites, mean bulk density 229 

was also significantly correlated (F = 1.96, P = 0.043) with the species data, being lower in the arable 230 

than the pasture soils (Fig. 4). Al was significantly correlated with the indicator taxa data (F = 2.13, P 231 
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= 0.040) with the greatest concentration in the opposite direction to the pasture outlier group (Fig. 4), 232 

and N correlated significantly with the indicator taxa data (F = 3.06, P = 0.002) being higher in the 233 

pasture soils. 234 

 235 

4. Discussion 236 

McGeoch [10] discussed different types of biological indicators including those that are typical of a 237 

habitat or ecological status and those that are representative of the diversity of other taxa. Here, we 238 

have explored these categories of indicator in the soil using a national baseline survey of a range of 239 

different taxa groups (e.g. microbes, micro-, meso- and macrofauna).  240 

The potential value of these different taxa as indicators of habitat or ecological status was first 241 

gauged by examining their richness and composition across sites, and assessing whether a significant 242 

amount of variation could be explained by land use. Land use appeared to have a stronger influence 243 

on the richness of soil fauna (nematodes, mites, earthworms and ants) compared to microbes (bacteria, 244 

fungi, mycorrhiza). It has been suggested that microbes do not respond to large-scale environmental 245 

gradients as do meso- and macrofauna [29]. Therefore, it is likely that specific management practices 246 

such as crop types within a land use had a stronger relationship with microbial diversity [30,31]. 247 

Although, within arable and pasture sites soil type did not influence richness of any soil taxa. Changes 248 

in richness of faunal groups were generally evident between agriculturally-managed (arable and 249 

pasture) and extensively-managed (rough-grazing and bogland) soils, and this corresponded to a 250 

division between „mineral‟ and „organic‟ soils. Greater nematode and earthworm richness was 251 

associated with arable and pasture, and greater mite and ant richness was associated with rough-252 

grazing and bogland. This is similar to findings by Rutgers et al. [3] from a national soil monitoring 253 

scheme in different habitats in the Netherlands with generally greater abundance and richness of 254 

nematodes and earthworms in dairy systems. A similar pattern was also evident when examining 255 

taxon composition with land use accounting for a lower proportion of variation in microbial taxa 256 

groups and soil type having no effect within arable and pasture. Although broad differences in soil 257 

communities are greatly appreciated [1,3,8,9,29] it is less well understood how particular taxa, within 258 
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these broad groups, may respond to soil environmental gradients and contribute to patterns across 259 

these land uses. 260 

A second approach to examining these different taxa as potential indicators of habitat or 261 

ecological status was based upon the fidelity and specificity of individual taxa to the different land 262 

uses [24,25,32]. A comparison of the taxa identified in this way showed that generally greater 263 

numbers of microbial taxa were indicators of the extensive land uses (forest, rough-grazing and 264 

bogland) and almost none were characteristic of intensive land uses (arable and pasture). However, 265 

when using only arable and pasture in the analysis, many microbial taxa appear as indicators of these 266 

land uses. This implies that the microbial indicator taxa found associated with intensive land uses are 267 

also found in extensive land uses. Nematodes had indicator taxa across intensive and extensive land 268 

uses, and this is in agreement with the greatest amount of variation in nematode composition being 269 

explained by land use, whereas ant taxa were not generally good indicators and only one indicator 270 

taxon for bogland was identified. Though the number of analyses differed between the taxa (because 271 

of different numbers of recorded taxa), the indicator values of individual taxa are derived 272 

independently of other taxa and therefore this type of analysis is valuable for exploring the pool of 273 

potential indicators in different land uses. A wide range of studies have used indicator value analysis 274 

to examine invertebrates characteristic of habitats or land management but fewer have attempted to 275 

make links to their traits [e.g. 33,34]. A more detailed examination of indicator traits of soil taxa was 276 

beyond the scope of this study but could generate more mechanistic insights. Furthermore, indicator 277 

taxa may reveal stronger affinities across several land uses [32]. 278 

The indicator taxa identified were utilised to reduce the datasets to taxa likely to be important 279 

indicators across land uses. O‟Neill et al. [35] used this type of analysis with a soil micro-invertebrate 280 

dataset and found that classification efficiency for vegetation cover decreased only marginally using 281 

only the significant indicator morphotaxa. Moreover, the variability explained by the first two axes of 282 

a principal components analysis increased when using only the significant indicator taxa compared to 283 

the full complement of taxa. [35]. We combined the significant indicators from all taxa groups to 284 

explore the correlation of their abundances with soil physico-chemical gradients. The primary axis of 285 
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variation was generally associated with the change from intensive (arable) through to extensive 286 

(bogland) land use; though mean bulk density was the only significant soil characteristic that showed 287 

a strong correlation with this axis, it clearly masked the significance of similarly strong relationships 288 

with moisture, carbon and nitrogen in the opposite direction. The ordinations also highlighted how 289 

individual indicator taxa were related to the main axes of variation and this may be a useful 290 

exploratory tool to identify taxa that are most responsive to particular gradients.  291 

Studies of cross-taxon congruency from aboveground systems have found inconsistent 292 

relationships [13,14,15]. For example, in grasslands, Oertli et al. [14] found no significant congruency 293 

between taxonomic richness of three insect groups (bees, aculeate wasps and grasshoppers) but 294 

significant congruency in community similarity of bees and grasshoppers. Lovell et al. [13] reported 295 

mostly weak correlations in congruency of richness and compositional similarity of above-ground 296 

invertebrates. We may expect that congruency is both more likely and stronger in the soil given the 297 

importance of local environmental conditions and the physical nature of soil as a habitat. Indeed, we 298 

found consistent correlations between several taxa groups, in particular, positive correlations between 299 

fungi, nematodes and earthworms, thus demonstrating that there is a level of congruency across 300 

different measures of soil biodiversity. However, congruency between other taxa was limited. 301 

Different soil taxa may be more dominant at different times of the year, for example, microbes can 302 

show high seasonal variation [36]. The activity of ecosystem engineering organisms such as 303 

earthworms can also impact upon other smaller-bodied taxa and these effects should not be ignored in 304 

assessing soil biodiversity. 305 

It is also acknowledged that the outcomes of these analyses may in part depend on the 306 

methods used to measure the richness and composition of the different soil taxa, and these outcomes 307 

may change using different methods. For example, the AMF diversity investigated here was assessed 308 

using a bait-plant method and this may have limited the richness and composition of taxa being 309 

recorded [37]. Furthermore, the difference in „taxonomic‟ resolution between molecular and 310 

morphological approaches may influence differences between microbial and micro-, meso-, macro-311 

fauna. Nevertheless, these are standard and widespread methods to extract and measure soil 312 
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biodiversity and if we are looking for relative measures or fingerprints of soil assemblages, as 313 

opposed to an exhaustive cataloguing, then their comparison is informative. Developments in 314 

molecular techniques for the analysis of soil biodiversity [e.g. 38,39,40] will undoubtedly become 315 

particularly important as the choice of indicators is streamlined, but there is still the need to compare 316 

these with „classic‟ approaches. 317 

 318 

5. Conclusions 319 

There are few soil biodiversity surveys that include the major land uses and a relatively large 320 

geographical spread with this range of belowground taxa [e.g. 3]. Characterising the richness and 321 

composition of different soil taxa groups and identifying potential indicators across land uses 322 

indicates that separate sets of taxa groups may be more useful as bioindicators in agriculturally and 323 

extensively managed land. The facts that land use accounted for the greatest amount of variation in 324 

nematode composition and that nematodes were indicator taxa in most land uses supports their 325 

potential as robust indicators across all land uses. Analysis of significant indicators can also help 326 

identify potential target taxa that are responsive to soil physico-chemical gradients and upon which 327 

future sampling could be focused. Further development of these types of analyses can inform soil 328 

monitoring programmes and increase their efficacy in being able to detect the effects of land 329 

management changes on soil status and the many ecosystem services supported by soil organisms. 330 
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Figure captions 449 

Fig. 1 - NMDS ordination of nematode composition across different land uses. Stress value = 0.18. 450 

Each datapoint represents an individual site. 451 

 452 

Fig. 2 - Examples of the strongest cross-taxon correlations between abundance (A and B), richness (C 453 

and D) and composition (E and F) of soil taxa groups. For abundance and richness each point 454 

represents an individual site; for composition each point is a pairwise similarity between two sites. 455 

Spearman Rho coefficient inset; all correlations are significance at P < 0.05 after correction for 456 

multiple comparisons.  457 

 458 

Fig. 3 - Redundancy analyses (RDA) of taxa identified as indicators using IndVal and soil physic-459 

chemical variables across all land uses. Ellipses represent 95% confidence intervals of land uses using 460 

site scores from axes 1 and 2. Arrows indicate gradients of soil physico-chemical variables; asterisks 461 

denote variables significantly correlated with RDA axes.  462 

 463 

Fig. 4 - Redundancy analyses (RDA) of taxa identified as indicators using IndVal and soil physic-464 

chemical variables across agricultural land uses (Arable and pasture only). Legend as in Fig. 3. 465 

Ellipses represent 95% confidence intervals of land uses using site scores from axes 1 and 2. Arrows 466 

indicate gradients of soil physico-chemical variables; asterisks denote variables significantly 467 

correlated with RDA axes. 468 

 469 
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 Table 1. Summary of taxa richness in the CréBeo baseline survey; minimum and maximum taxa richness recorded at a site, and the associated land use 470 

where these were recorded, mean taxa richness recorded within each land use and results of non-parametric Kruskal-Wallis (2) tests of the effect of land 471 

use on taxa richness. „All sites‟ includes every site where the specific group of soil taxa were sampled; analyses of „Shared sites‟ include only those sites 472 

where all soil taxa were sampled. Values are rounded to nearest integer for clarity. Significance: * = P<0.05; ** =P<0.01; *** =P<0.001. AMF = 473 

Arbuscular mycorrhizal fungi.474 

Soil organisms     Land-use type Kruskal-Wallis (2) 

 Min. richness and 

associated land 

use 

Max. richness 

and associated 

land use 

Arable  

(A) 

Pasture  

(P) 

Forest  

(F) 

Rough-grazing 

(RG) 

Bogland  

(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 475 

different soil taxa groups. Indicators are significant at P < 0.05; % of significant taxa is calculated 476 

within each group. Values in parentheses are numbers of indicator taxa identified in analysis of only 477 

arable and pasture land uses. AMF = Arbuscular mycorrhizal fungi. 478 

Soil organisms Land-use type  

 Arable Pasture Forest Rough-

grazing 

Bogland % of significant 

taxa 

Bacteria 0 (15) 0 (11) 13 11 41 5.7 

Fungi 3 (20) 0 (1) 4 9 4 2.3 

AMF 0 (0) 0 (2) 0 3 13 8.9 

Nematodes 6 (1) 5 (4) 0 4 2 17.7 

Mites 5 (1) 0 (2) 5 7 0 11.2 

Earthworms 0 (1) 5 (3) 0 0 0 26.3 

Ants 0 (0) 0 (0) 0 0 1 12.5 

 479 

480 
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Table 3. Summary statistics from Redundancy Analyses (RDA) of taxa identified as indicators by 481 

indicator species analysis and soil physico-chemical variables. 482 

RDA statistics All land uses Arable + Pasture 

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  

Species-environment variation 

(Cumulative %) 

27.8 47.9 62.0 37.4 58.9 69.5 

 483 
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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 locations 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:chloroform:isoamylalcohol 

solution, followed with a clean-up with 24:1 chloroform:isoamylalcohol to remove impurities. The 

aqueous layer was removed and DNA was precipitated in 1 ml 95% ethanol after addition of 60 l 3 

M sodiumacetate and 1 l 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 l, 

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 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 50 µl volumes, containing 10 µl 10X PCR buffer, 5 µl of 0.3 

Figure(s)
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µM forward and reverse primer, 1.25 µl 10 mg ml
-1

 BSA, 1 µl dNTPs (10 mM each), 2.5 µl ultra 

clean H2O and 0.25 µl 2.5 U Taq DNA polymerase. One 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 l sterile ultra 

clean H2O at 55C. 

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 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  8 

cm  8 cm) containing a 1:1 mix of soil and autoclaved sand replicated three times. All pots were then 

placed randomly into growth chambers and were grown for four months under environmentally 
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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 were employed to characterise AMF diversity. Specifically, terminal 

restriction fragment length polymorphism (TRFLP) analysis was used. DNA was extracted from 100 

mg of each sample using the DNeasy Plant Mini Kit (QIAGEN, Hilden, Germany) 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 TRFLP analysis, purified 

polymerase chain reaction (PCR) products were digested with the restriction enzymes HinfІ and 

Hsp92ІІ. Resulting TRFLP 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 cm
3
 of soil was 

stored at 4ºC until extraction. Nematodes were then extracted from a 100 cm
3
 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 site using 

Andrássy (1985, 1992, 1993), Bongers (1988) and Siddiqi (2000) to at least genus level (with the 

exception of Rhabditidae and Neodiplogasteridae). 

 

Earthworms 
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Earthworms were sampled in the field using hand-sorting and chemical expellant approaches. For 

hand-sorting, earthworms were sampled from 25 cm  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 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  

50 cm frame placed on the soil and pressed in to a depth of 1–2 cm. Then, 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 

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 
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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 min 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. 

 

 

Figure B1. Plots of multivariate dispersion (distance to centroid) of bacteria, fungi and mycorrhiza 

composition across land uses derived following Anderson (2006). Plots derived using betadisp 

function in vegan (Oksanen et al., 2010).  

P = 0.206

P = 0.874

P = 0.120

Figure(s)
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Figure B2. Plots of multivariate dispersion (distance to centroid) of nematode, mite and earthworm 

composition across land uses derived following Anderson (2006). Plots derived using betadisp 

function in vegan (Oksanen et al., 2010). 

 

P = 0.099

P = 0.008

P = 0.006
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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 after correction for multiple comparisons following Benjamini 

and Hochberg (1995). 

 

a
Spearman rank correlations of raw data, see methods for details. 

b
Mantel correlation of Bray-Curtis matrices using square-root transformed abundance data. 

 

 

 

 

Taxa comparison 
 

Soil assemblage measure 
 

 
Abundance

a 

 

Richness
a
 Shannon

a
 Composition

b
 

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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Figure B3. [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 B4. [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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