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Abstract 15 

Soil health assessments remain dominated by physicochemical indicators, largely due 16 

to limited functional understanding and a lack of practical tools for quantifying soil 17 

biodiversity in applied contexts. However, many soil functions are fundamentally 18 

driven by biotic components, highlighting the need for robust biological indicators. The 19 

Soil Biological Quality indices, QBS-ar and QBS-c (Parisi, 2001; Parisi et al., 2005), 20 

offer simple, direct approaches. While QBS-ar considers the entire soil 21 

(micro)arthropod community, QBS-c focuses on Collembola, assigning taxa eco-22 

morphological index (EMI) scores based on their adaptation to soil. We reviewed 24 23 

studies using Collembola-based QBS-c and EMI methods to evaluate their 24 

development and application over the past two decades. Our synthesis reveals 25 

substantial inconsistency in EMI assignment, with the widely cited framework of 26 

Vandewalle et al. (2010) both expanding EMI use beyond Italy and modifying Parisi’s 27 

original trait definitions and scoring schemes. We systematically compared trait 28 

selection, scoring approaches, and methods for aggregating species-level EMIs into 29 

community-level indices. Principal component analysis of Parisi’s genus–trait matrix 30 

showed strong correlations among antenna, furca, and leg traits, and among 31 

ommatidia, pigmentation, and cuticle traits, while body size was largely independent. 32 

To improve applicability in soil monitoring, we propose a standardized QBS-c protocol 33 

featuring: (i) a minimal trait set (body size, pigmentation, furca), (ii) EMI scoring 34 

schemes aligned with the original euedaphic gradient, and (iii) a flexible community-35 

weighting framework incorporating both presence–absence and abundance data. 36 

These recommendations aim to enhance comparability across studies and usability 37 

for non-specialists, facilitating broader integration into soil monitoring programs. 38 
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1. Introduction 41 

1.1 Soil quality assessment 42 

A healthy soil is a vital living system that supports plants, animals and humans 43 

(Pankhurst et al., 1997). Key ecosystem functions, including organic matter 44 

decomposition, nutrient cycling and plant productivity, are largely mediated by the soil 45 

biota, which therefore play a central role for a healthy soil. Although often used 46 

interchangeably, ‘soil health’ and 'soil quality’ refer to distinct but related concepts. The 47 

term ‘soil health’ emphasises the importance of soil in meeting societal needs, such 48 

as food production, and is linked to environmental sustainability, which encompasses 49 

economic, social and environmental issues (Bünemann et al., 2018). In contrast, ‘soil 50 

quality’ refers to the extent to which soil properties fulfil expected functions for plants, 51 

animals and human well-being (Schjønning et al., 2004). To assess the ability of the 52 

soil to maintain its functions, soil quality is represented by a number of indicators. In 53 

addition to traditional agronomic parameters, it includes chemical, physical and 54 

biological properties of soils. The present study focuses on bioindicators of soil quality 55 

using functional groups of soil microarthropods, in particular Collembola (springtails), 56 

which exhibit a wide range of eco-morphological traits that indicate animal adaptations 57 

to soil microhabitats of different layers. 58 

1.2 Soil biotic indicators  59 

Biodiversity is increasingly recognised as a key component of soil health assessment. 60 

The European Commission has highlighted the importance of considering soil 61 

biodiversity as an indicator in the Soil Monitoring and Resilience Directive (Soil 62 

Monitoring Law) (Directive (EU) 2025/2360), which has been recently adopted by the 63 



 

 

European Parliament and the Council (European Union, 2025; European Commission, 64 

2025). It will serve as the first EU-wide soil protection legislation (i.e., the Soil Health 65 

Law; European Commission, 2023; Köninger et al., 2022). However, the assessment 66 

of soil health is still dominated by chemical-physical methods, due to difficulties in the 67 

taxonomic identification of soil biota, limited knowledge on functional traits affecting 68 

ecosystem functioning, and the lack of effective and standardised methods to collect 69 

or quantify responses and effects of soil biota (Lehmann, 2020). Even though soil 70 

organisms have been used to assess soil quality in managed ecosystems for about 71 

60 years (Vandewalle et al., 2010), most biodiversity assessments and conservation 72 

measures at the legislation level still neglect soil bioindicators (Zeiss et al., 2022) and 73 

monitoring soil animal compartments are still optional in the European Soil Monitoring 74 

program (European Union, 2025). 75 

1.3 Soil microarthropod indicator – QBS-ar 76 

In addition to microbes, nematodes and earthworms microarthropods are widely 77 

recognised as sensitive and reliable bioindicators for assessing of soil quality and of 78 

the impact of anthropogenic disturbances, such as agricultural management, pollution, 79 

urbanisation and land-use change, (Parisi and Menta, 2008; Reis et al., 2016; Joimel 80 

et al., 2017; D’Alessandro et al., 2024; Coletta et al., 2025; Perinelli et al., 2025). They 81 

contribute to key soil functions and associated ecosystem processes (Parisi et al., 82 

2005; Yin et al., 2020; Ashwood et al., 2023). However, the use of soil animals as 83 

bioindicators is hampered by the detailed taxonomic expertise required when 84 

collecting data and the limited knowledge of the roles played by different species in 85 

the ecosystem when inferring the consequence of changes. To overcome this 86 

difficulty, a simplified index based on the concept of functional groups using basic 87 



 

 

morphological traits of taxa has been introduced: the “Qualità Biologica del Suolo” 88 

(QBS), namely the biological quality of soil (Parisi, 2001). This measure calculates the 89 

eco-morphological index (EMI) of soil arthropod taxonomic groups (QBS-ar), which 90 

reflect their distribution and microhabitat preference in the soil profile (Gardi et al., 91 

2002, Menta et al., 2018). When the QBS-ar was first introduced by Parisi (2001) in 92 

Italy, it was applied to soils from a wide range of ecosystems, including forests, 93 

pastures and different types of agricultural systems, distributed across lowlands, hills 94 

and mountainous areas. The QBS-ar pioneered the mapping of soil quality through 95 

quantitative measures of morphological traits of soil animals (Parisi et al., 2005). 96 

Recently, it has been included among the selectable soil health biological descriptors 97 

included in the Soil Monitoring Law (European Union, 2025). 98 

The trait-based QBS-ar index does not require the classification of soil animals to 99 

species level, but rather the assignment of EMI values to different groups at a coarse 100 

taxonomic level using simple morphological traits. The rationale for biological 101 

quantification of soil quality is based on the morphological adaptation of different 102 

microarthropod taxa to microhabitats (Parisi, 1974). These morphological traits reflect 103 

the performance of organisms in the soil environment and their contribution to soil 104 

functions. It is assumed that the better the soil quality, the higher the number of 105 

microarthropod taxa that are well adapted to the soil (Parisi, 2001, Parisi et al., 2005; 106 

Menta et al., 2008). The QBS-ar index is calculated by summing the EMI values of 107 

different arthropod taxonomic groups present in soil samples according to their 108 

“biological forms” (BFs; Sacchi and Testard, 1971), which are assumed to be related 109 

to their functions in soil. The QBS-ar index therefore overcomes the challenges of 110 

species identification, which is time-consuming and requires specific taxonomic 111 

training (Parisi et al., 2005). 112 



 

 

The main phases for obtaining QBS values of soil samples are (1) soil sampling (0–113 

10 cm depth), (2) extraction of microarthropods, (3) preservation of collected 114 

specimens, (4) determination of BFs and assignment of EMI values to individuals and 115 

(5) calculation of the QBS-ar index for each soil sample (Parisi, 2001; Parisi et al., 116 

2005). The operational phases for soil sampling and arthropod extraction are 117 

described in detail in Parisi (2001) and Parisi et al. (2005). Below we briefly outline the 118 

procedures for determining BF, assigning EMI and calculating the QBS-ar (Parisi, 119 

2001; Parisi et al., 2005), and then describe in more detail the Collembola-specific 120 

QBS (QBS-c; Parisi, 2001). 121 

1.4 Eco-morphological index – EMI 122 

To calculate QBS-ar, it is first necessary to identify microarthropod BFs by their basic 123 

morphology at a coarse taxonomic level (e.g. classes or orders), which implicitly 124 

reflects their ecological strategies; (Sacchi and Testard, 1971) for all specimens 125 

present in a soil sample. A specific EMI value is then assigned to each BF (Parisi, 126 

2001 and Parisi et al., 2005). The QBS-ar of a soil sample is then calculated from the 127 

sum of the EMIs of all BFs. This procedure only involves the morphological 128 

classification of animals into coarse taxonomic groups and does not require 129 

quantification or estimation of abundance or density, but only the incidence 130 

(presence/absence) data of BFs with their specific EMIs, making it a quick and simple 131 

index for assessing soil quality. 132 

The key to QBS-ar is the EMI assignment for each BF. The EMI can range from 1 to 133 

20 (Parisi, 1974). Euedaphic forms generally receive an EMI of 20, indicating a high 134 

degree of adaptation to soil, while epigeic (epedaphic) forms receive an EMI of 1, 135 

indicating poor adaptation to soil. Hemiedaphic forms are assigned an EMI value 136 



 

 

proportional to their degree of soil specialisation (Parisi, 2001; Parisi et al., 2005). 137 

While most arthropod groups have specific single EMI values, others exhibit a range 138 

of EMI values where there are a large number of species that differ in microhabitat 139 

adaptations along the soil profile. For example, Collembola, which are very abundant 140 

and diverse among soil microarthropods, may exhibit different levels of adaptation to 141 

different soil layers (Parisi, 2001; Menta, 2008). In the following sections, we 142 

specifically address the promises and problems of using Collembola-related indices. 143 

1.5 Collembola EMIs in QBS-ar 144 

In the QBS-ar calculation there are seven EMI values for Collembola BFs: EMI = 1, 145 

epigeic form associated with arboreal vegetation; EMI = 2, epigeic form not associated 146 

with arboreal vegetation; EMI = 4, small epigeic form not associated with arboreal 147 

vegetation; EMI = 6, hemiedaphic form with well developed visual apparatus; EMI = 8, 148 

hemiedaphic; EMI = 10, euedaphic; EMI = 20, euedaphic completely unpigmented 149 

(Parisi et al., 2005). A single EMI value is assigned to each Collembola specimen 150 

following an overall morphological assessment. It does not consider each individual 151 

morphological trait separately, but the “life-form” together, which includes body size, 152 

pigmentation, hairs, ommatidia, post-antennal organ (PAO), appendages and furca 153 

development, with three possible options, epigeic (or epedaphic), hemiedaphic and 154 

euedaphic (Parisi, 2001; Parisi et al., 2005; Menta 2008). Moreover, for the calculation 155 

of QBS-ar, only one EMI value can be assigned to all Collembola individuals as a 156 

group, regardless of what other species or morphology may be present in the same 157 

soil sample. If more than one morpho-type occurs in Collembola, e.g. one with an EMI 158 

of 2 (epigeic) and one of 10 (euedaphic), the highest value (i.e., EMI = 10) is used for 159 

determining the EMI value for the whole Collembola group (Gardi et al., 2002; Parisi 160 



 

 

et al., 2005; Menta, 2008). Although this reduction is justified by the objective of QBS-161 

ar, which is to identify the most soil-adapted ‘form’ (i.e., morpho-type) for each BF, it 162 

does not capture the diversity of strategies through which different Collembola species 163 

adapt across soil layers. It also misses the proportional distribution of Collembola 164 

individuals with different densities along the soil profile. The single value assigned to 165 

Collembola is therefore usually that of a high EMI, even if only a single euedaphic 166 

individual is stochastically present and occasionally found in a given sample. It is 167 

evident that the discrimination is rather coarse and generic. It should be noted, 168 

however, that this assessment is not exclusive to a specific taxon. Indeed, the QBS-169 

ar approach allows for the consideration of the entire soil microarthropod community, 170 

which compensates for the more generic measurement of individual species. 171 

1.6 Collembola-specific QBS – QBS-c 172 

Considering Collembola as one of the most abundant and morphologically diverse 173 

groups of soil mesofauna, Parisi (2001) implemented the QBS method with a version 174 

based exclusively on Collembola: the Collembola-based Soil Biological Quality Index 175 

(QBS-c) for assessing soil quality. The QBS-c is conceptually and practically the same 176 

as the QBS-ar, but it takes into account variation between different life-forms at a finer 177 

taxonomic level (e.g., species or genus) and their soil microhabitat adaptations. In 178 

addition, the morphological traits used for QBS-c are described in more detail than 179 

those used for QBS-ar. Each morphological trait is considered individually, and each 180 

Collembola species can have a specific EMI value for each of the traits, resulting in a 181 

range of 1 to 40 for the EMI for each species. The EMIs of all Collembola species are 182 

then scaled to the community (per sample) by summing the EMI values of all species, 183 

sometimes taking into account the relative abundances (densities) of the “forms” (as 184 



 

 

described in the Results section). It has been proposed that the QBC-c is more useful 185 

for studies on hydric balance of soil than QBS-ar (Parisi and Menta, 2008). 186 

1.7 Aims of the study 187 

This study synthesises the current use of QBS-c in soil ecology, with a particular focus 188 

on how EMIs are assigned to Collembola. Despite its increasing use in recent years, 189 

no consensus currently exists on EMI assignment for Collembola, limiting 190 

comparability across studies. We analyse the development of Collembola EMIs since 191 

Parisi’s original proposal and evaluate how different researchers have adapted the 192 

index. Finally, we also provide practical recommendations for the use of Collembola 193 

EMIs in community ecology and soil quality studies, with the explicit goal of 194 

harmonising EMI assignment and QBS-c computation for applied soil monitoring. 195 

2. Methods 196 

2.1 Literature review 197 

We conducted a literature search using the Scopus and Web of Science databases to 198 

identify studies addressing eco-morphological indices (EMIs) and the Collembola-199 

based Soil Biological Quality index (QBS-c). The search was performed using the 200 

following query applied to titles, abstracts and keywords: ((EMI OR EMIs OR 201 

ecological morphological indices OR ecological morphological index OR 202 

ecomorphological indices OR ecomorphological index OR ecomorphology indices OR 203 

ecomorphology index OR QBS-c) AND (Collembola OR springtail)). The search result 204 

was deposited at https://www.webofscience.com/wos/woscc/summary/356de728-205 

39b9-4ac2-a07f-3d84b3733815-cda92dcf/date-descending/1. The search retrieved 206 

15 studies as of 19 November 2025. Additional relevant studies were identified through 207 

https://www.webofscience.com/wos/woscc/summary/356de728-39b9-4ac2-a07f-3d84b3733815-cda92dcf/date-descending/1
https://www.webofscience.com/wos/woscc/summary/356de728-39b9-4ac2-a07f-3d84b3733815-cda92dcf/date-descending/1


 

 

screening of the reference lists of the retrieved articles. We also included Collembola 208 

trait studies which used methods essentially analogous to the QBS-c and EMI. In total, 209 

we compiled 24 references on Collembola EMI or QBS-c and compared how different 210 

researchers assigned the EMI and quantified QBS-c (Table S1). 211 

2.2 Principal component analysis of Collembola traits 212 

We used the trait data reported in the appendix 1 of Menta (2008), which documented 213 

the original trait values of Italian Collembola species used by Parisi (2001). Congeneric 214 

species sharing the same combinations of trait values were treated as the same unit, 215 

thereby compiling a genus-trait code matrix (available on request). With this matrix, 216 

we conducted a principal component analysis (PCA) on numeric variables after 217 

centring (zero mean) and scaling (unit variance) using the rda function in the vegan 218 

package in R (Oksanen et al., 2022). The analysis was conducted to examine 219 

correlations among morphological traits and to assess whether EMI values (calculated 220 

as the sum of the seven traits proposed by Parisi) are aligned with the main PCA 221 

gradients representing adaptation to soil conditions. Based on the PCA results, we 222 

identified a reduced set of informative traits by considering both their contribution to 223 

trait variation and the practical feasibility of their assessment. This selection was used 224 

to support recommendations for trait choice in future QBS-c applications. 225 

3. Results – EMI and QBS-c application trajectory 226 

3.1 The original QBS-c and Collembola EMI assignments 227 

As originally proposed by Parisi (2001), seven traits were considered for index 228 

determination and each was assigned an EMI value within a defined range: (1) Body 229 

size (large, > 3 mm, EMI = 0; medium, 2 - 3 mm, EMI = 2; small, < 2 mm, EMI = 4), 230 



 

 

(2) pigmentation/pattern (complex pattern, EMI = 0; simple pattern, EMI = 1; with 231 

colour, EMI = 3; absent, EMI = 6), (3) cuticular structure such as the presence of 232 

macrochaetae, scales, trichobothria, sensilla and PAO (EMI = 0, 1, 3 or 6), (4) number 233 

of ommatidia (8 + 8, EMI = 0; 6 + 6, EMI = 2, from 1 + 1 to 5 + 5, EMI = 3; 0 + 0, EMI 234 

= 6), (5) antenna length (longer than head diagonal, EMI = 0; approximately equal to 235 

head, EMI = 2; shorter than head, EMI = 3; strongly reduced, EMI = 6), (6) leg length 236 

(strongly developed, EMI = 0; moderately developed, EMI = 2; short, EMI = 3; reduced, 237 

or empodium absent or reduced, EMI = 6) and (7) furca development (highly 238 

developed, EMI = 0; average development, EMI = 2; little developed, EMI = 3; mucro 239 

absent, alternative form in manubrium and dens, EMI = 5; completely absent or 240 

rudimentary, EMI = 6; Parisi and Menta, 2008). This approach takes into account all 241 

identified morphotypes, not just those with the highest EMI as the QBS-ar does, and 242 

the EMI of a species for the calculation of the QBS-c of a community can range from 243 

1 to 40 (Parisi, 2001). To facilitate the determination of the EMI, Parisi (2001) 244 

evaluated the EMI values for the traits of Collembola species in Italy and the data were 245 

published as a list for a total of 171 Collembola species in the book by Menta (2008). 246 

The QBS-c can be used without specialists-level taxonomic expertise (e.g. 247 

chaetotaxy), but it still requires at least basic knowledge of Collembola morphology 248 

(Menta, 2008). 249 

3.2 QBS-c empirical studies 250 

The QBS-c has been used less frequently than the QBS-ar. We found only 24 papers 251 

and one book that applied QBS-c or EMI for Collembola between 2001 and 2025. In 252 

contrast, Menta et al. (2018) reported that the QBS-ar was applied in 41 studies until 253 

2017. The lower use of QBS-c may reflect the fact that Collembola determination is 254 



 

 

more time-consuming and requires more taxonomic expertise, morphological or 255 

biological knowledge of the group and instrumentation to assign EMI to species than 256 

QBS-ar. 257 

Despite its complexity, the QBS-c has proven to be an effective tool for distinguishing 258 

agroecosystems with different water content, organic matter and mechanical 259 

treatments, and between grasslands and vineyards with different management 260 

intensities (Gardi et al., 2002). Menta (2008) showed negative effects of agricultural 261 

practices such as deep ploughing on soil quality by applying the QBS-c to a few 262 

Collembola studies in Italy (Sabatini et al., 1997). The author was able to quantify 263 

empirical QBS-c values for riparian meadows (QBS-c = ca. 90) and forests (QBS-c = 264 

ca. 200) (Migliorini et al., 2003). Menta et al. (2014) also found that the QBS-c was 265 

able to differentiate the inside and outside of Tuber aestivum Brûlé in Italian and 266 

Spanish truffle cultures. The index was higher outside the brûlé, although the 267 

differences were not statistically significant. Twardowski et al. (2016) applied the QBS-268 

c to assess differences in potato cultivation in monoculture and rotation, and found 269 

that QBS-c was about 50% higher in rotation than in monoculture. Using the QBS-c, 270 

Gruss et al. (2019) evaluated the effect of biochar in arable fields and found that the 271 

index was higher in treatments where biochar was applied. While Mutyambai et al. 272 

(2024) compared monoculture to push-pull soils, finding higher QBS-c index values in 273 

the latter. On the contrary, Remelli et al. (2025) evaluated the effect of different 274 

agricultural systems and soil management strategies, finding higher QBS-c values in 275 

vineyards under integrated management compared to organic management, as well 276 

as in arable land, orchards and meadows, regardless of management type. 277 



 

 

Except for Twardowski et al. (2016), Gruss et al. (2019) and Mutyambai et al. (2024), 278 

the QBS-c was applied in agroecosystems mainly in Italy, the country where the index 279 

has been developed. The QBS-c and EMI of Collembola were then adopted not only 280 

by a number of other European researchers, but also by researchers from Brazil, 281 

China, Japan and Kenya. However, different researchers used the EMI differently for 282 

calculating QBS-c. In the following, we will present the main commonalities and 283 

discrepancies between the studies. 284 

3.3 Parisi-alike EMI changed after the original 285 

Over time, several Collembola studies have adopted the idea of the EMI, but quantified 286 

it in different ways, either with different combinations of morphological traits or with 287 

different values assigned to species (see Table S1 for an overview of trait 288 

combinations, scoring schemes and study contexts). It appears that there is still no 289 

consensus on how to score traits and how to assign EMI to species particularly with 290 

respect to trait selection, scoring schemes and aggregation procedures (Table S1). 291 

Although the initial EMI assignment was proposed by Parisi (2001), Menta (2008) and 292 

Parisi and Menta (2008) for Collembola species in Italy, the functional trait paper by 293 

Vandewalle et al. (2010) has significantly changed the later use of the EMI for 294 

Collembola traits. Using data from Sousa et al. (1997, 2000), Vandewalle et al. (2010) 295 

considered five morphological traits instead of the seven traits proposed by Parisi and 296 

Menta (2008). They determined a range of EMI values for each trait as follows: (1) 297 

antenna-to-body length ratio (> 1, EMI= 0; between 0.5 and 1, EMI = 2; ≤ 0.5, EMI = 298 

4), (2) furca development (fully developed, EMI = 0; reduced/short, EMI = 2; absent, 299 

EMI = 4), (3) number of ommatidia (7 + 7 or 8 + 8, EMI = 0; 5 + 5 or 6 + 6, EMI = 1; 3 300 



 

 

+ 3 or 4 + 4, EMI = 2; 1 + 1 or 2 + 2, EMI = 3; 0 + 0, EMI = 4), (4) scale/hairs (present, 301 

EMI = 0; absent, EMI = 2) and (5) pigmentation (coloured and with pattern, EMI = 0; 302 

coloured but without pattern, EMI = 2; absent, EMI = 4). The five individual traits were 303 

then combined to represent the ‘life-form’ trait (LFT) as the sum of the EMI of all 304 

individual traits, ranging from 2 (indicating adaptation to the soil surface) to 18 305 

(indicating adaptation to soil), making Collembola life-form scaled as a continuous 306 

gradient. Vandewalle et al. (2010) demonstrated how the LFT can be applied to 307 

Collembola species composition, to assess the effects of replacing native forest with 308 

exotic Eucalypus globulus plantations on the functional composition of Collembola. 309 

Compared to the EMI for QBS-c originally proposed by Parisi (2001), Vandewalle et 310 

al. (2010) assigned different EMI values to the traits. They simplified the EMI for 311 

cuticular structures and excluded body size and leg length from the evaluation. The 312 

ideas of Vandewalle et al. (2010) were soon applied to broader studies of Collembola 313 

communities (Table S1).  314 

Following Vandewalle et al. (2010), Martins da Silva et al. (2016) used the same five 315 

traits but modified the EMI assignments for the two: ommatidia (present, EMI = 0; 316 

absent, EMI = 4) and scales/hairs (present, EMI = 0; absent, EMI = 4). The authors 317 

did not include body length and leg length, as originally proposed by Parisi and Menta 318 

(2008). In addition, they standardized the EMI of species by dividing it by 20, which is 319 

the maximum EMI obtained from the sum of the EMIs of the five traits. The final LFT 320 

therefore varies between 0 and 1, indicating lower and higher soil adaptation, 321 

respectively. Using several functional diversity metrics, the authors studied 322 

Collembola communities inhabiting different land-use systems (forest, grassland and 323 

arable land) along an European transect. However, Joimel et al. (2017) did not use 324 

morphological traits to assign Collembola EMI, but rather based on Gisin’s (1943) life-325 



 

 

form information and expert knowledge, quantifying it as 1, 2 and 3. They took into 326 

account the relative abundance of species, to derive a Collembola “ecomorphological 327 

index” for each sample (i.e., community; not for species as in most of other studies). 328 

They found that arable land was most detrimental to soil biodiversity, but urban and 329 

industrial land provided the same level of soil biological quality as forests. 330 

De Oliveira Filho et al. (2016) studied Collembola community structure using the same 331 

EMI as Martins da Silva et al. (2016), but applied it to arable systems with different 332 

tillage practices. They further defined life-forms as epigeic (epedaphic) with EMI 0 - 6, 333 

hemiedaphic 8 - 12 and (eu)edaphic 14 - 20 and indicated that Collembola eco-334 

morphological groups were better predictors of ecosystem functioning than 335 

Collembola density. Also, Reis et al. (2016) assigned the same EMI as Martins da 336 

Silva et al. (2016) and de Oliveira Filho et al. (2016), to assess whether the 337 

identification of Collembola species to morpho-types could be used as a surrogate for 338 

species richness in an extensive monitoring scheme. They concluded that the EMI 339 

approach and genus-level determination were sufficient for a cost-effective 340 

assessment of species richness. Alexandre et al. (2025), using the same EMI 341 

assignment as de Oliveira Filho et al. (2016), focused on the impact of landscape 342 

fragmentation on Collembola communities in Brazil. The study found that edaphic 343 

morphotypes dominated across all levels of fragmentation. The densities of 344 

hemiedaphic and epigeic morphotypes were observed to be lower, with the former 345 

being particularly prevalent in less fragmented landscapes. Similarly, Dos Santos et 346 

al. (2018) adopted the same EMI assignment as de Oliveira Filho et al. (2016). 347 

However, the authors calculated QBS-c with the abundance of Collembola species to 348 

obtain the abundance-weighted QBS-c, which summed all individuals, but not the 349 

presence of species, of their EMIs in a community. Like de Oliveira Filho et al. (2016), 350 



 

 

Machado et al. (2019) defined life-forms and proposed a variant of QBS-c: the QBS-351 

adapt index. The traits assigned with EMI were the Collembola morphological traits 352 

considered by Martins da Silva et al. (2016). However, to determine the QBS-adapt, 353 

the abundance of the Collembola morpho-type was multiplied by the corresponding 354 

EMI. The previous multiplied values were then summed for all morpho-types found in 355 

a sample, essentially the same as in dos Santos et al. (2018) but termed differently. 356 

The QBS-adapt index of Machado et al. (2019) was used to determine the soil quality 357 

in Brazil, showing its efficiency and sensitivity in distinguishing different land-use 358 

systems and seasons. The four studies, de Oliveira Filho et al. (2016), dos Santos et 359 

al. (2018), Machado et al. (2019) and Alexandre et al. (2025), all applied the EMI to 360 

Collembola community studies in Brazil, where information on local species taxonomy 361 

is limited, but the EMI overcomes the difficulty of species-based identification, making 362 

Collembola as soil quality indicator more applicable to land management and valuation 363 

than traditional taxonomic work (see Table S1 for study details). 364 

The approach of Martins da Silva et al. (2016) was further used by Moss et al. (2020) 365 

and Llovet et al. (2021). Moss et al. (2020) investigated the influence of different long-366 

term organic crop rotations and the short-term two-year effects of different tillage 367 

systems on Collembola communities. They compiled the life-form assignment for 368 

Collembola species in Germany from different studies (Chauvat et al. 2007, Sticht et 369 

al. 2008, Stierhof, 2003, Salamon et al. 2011) and found that euedaphic Collembola 370 

increased with organic matter availability in stable habitats. Similarly, Llovet et al. 371 

(2021) used Collembola LFT as Martins da Silva et al. (2016) to assess the effects of 372 

biochar on soil ecosystem functioning in a barley field in Spain. In addition, their 373 

comprehensive study also included QBS-ar, along with the other soil quality indices. 374 



 

 

Different from the original seven traits (Parisi, 2001) or the five traits (Vandewalle et 375 

al., 2010), Yin et al. (2020) considered nine traits for EMI attribution to Collembola 376 

species, although the authors termed the species EMI as ‘QBS for Collembola 377 

species’. The EMI scores attributed to Collembola traits generally followed those of 378 

Vandewalle et al. (2010) and Martins da Silva et al. (2016), but were ordered in the 379 

opposite direction, with higher scores indicating “surface-adaptive” rather than soil 380 

adaptation. The scores for furca, pigmentation and scale/hairs are in the opposite 381 

direction to that of Martins da Silva et al. (2016) and ommatidia in the opposite order 382 

to that of Vandewalle et al. (2010) with five levels. However, Yin et al. (2020) included 383 

body length with four levels: > 3 mm (score = 4), 2 - 3 mm (score = 3), 1 - 2 mm (score 384 

= 2) and 0 - 1 mm (score = 1), and assigned different scores for antenna-to-body 385 

length ratio with two levels: 0 - 0.5 (score = 0) and > 0.5 (score = 4). They did not 386 

include leg length, but rather considered “habitat” (i.e., life-form; epedaphic, 387 

hemiedaphic or euedaphic), reproductive mode (sexual or parthenogenetic) and 388 

dispersal ability (fast or slow) following Malmström (2012) in the index calculation. Yin 389 

et al. (2020) investigated the effects of climate and land-use change at the Global 390 

Change Experimental Facility in Germany and found that the index decreased 391 

significantly with intensive land-use, with a decrease from grassland to cropland 392 

across climate change scenarios. 393 

Qiao et al. (2022) calculated the QBS-c index differently from the original method 394 

(Parisi 2001). They considered seven traits, with furca, ommatidia, pigmentation and 395 

scale/hairs within the range of EMIs described by Martins da Silva et al. (2016). 396 

However, the direction of the trait orders followed Yin et al. (2020), with surface-397 

adapted species having higher values and deep soil species having lower values. 398 

When comparing the studies of Qiao et al. (2022) and Yin et al. (2020) with the QBS-399 



 

 

c results of other studies, readers should notice the different way that the authors used 400 

to define soil- or surface-adaptation of Collembola. Contrary to Martins da Silva et al. 401 

(2016), body size was included in Qiao et al. (2022) but antennal-to-body length ratio 402 

was excluded. The EMI of body length followed the range described in Yin et al. 403 

(2020). In contrast to Parisi (2001) and Parisi and Menta (2008), Qiao et al. (2022) 404 

also considered life-form and dispersal ability, but did not include leg length. They 405 

applied the QBS-c in southern China to assess differences in urbanisation and green 406 

space types. The index was found to be sensitive to vegetation complexity and 407 

effective in distinguishing between urban and suburban areas. The authors also 408 

calculated several trait-based functional diversity metrics, such as community 409 

weighted mean and functional richness, evenness and divergence (Mason et al. 2005, 410 

Villéger et al., 2008). 411 

Hishi et al. (2022) developed the Edaphic Adaptation Score (EAS), a numerical index 412 

ranging from 0 to 20. However, the EAS is essentially the same as the EMI but termed 413 

differently. They used the traits mentioned in Martins da Silva et al. (2016), with the 414 

exception of ommatidia, which was scored differently: 0 + 0 (EAS = 4), from 1 + 1 to 4 415 

+ 4 (EAS = 2) and from 5 + 5 to 8 + 8 (EAS = 0). Compared to the original EMI proposed 416 

by Parisi (2001), leg length was not included and body size (ranging from 0.4 to 4.0 417 

mm) was calculated separately from the EAS. The authors also used the EAS values 418 

to define the life-forms, but with different cut-off values than that in de Oliveira Filho et 419 

al. (2016). They defined epedaphic (EAS 5 - 9), hemiedaphic (EAS 10-14) and 420 

euedaphic (EAS 15 - 20). The EAS was applied to Collembola species in Japan to 421 

investigate the effects of topography and forest types on the functional composition of 422 

Collembola.  423 



 

 

Unlike the other QBS-c studies that used five, seven or ten traits, Ferrín et al. (2023) 424 

used a total of 22 traits, although many belong to the same morphological characters, 425 

from the ColTrait database (Salmon et al. 2014) to test the adaptation of Collembola 426 

to different soil layers in a standardised climate manipulation experiment across six 427 

European countries. This represents the upper extreme of trait inclusion among 428 

reviewed studies. The rationale for including many traits is that different traits cover 429 

different niche dimensions, including life history (as represented by e.g., reproductive 430 

strategy), dispersal ability (leg length) and biotic interaction (sensory organs and 431 

defensive structures). They also used the EMI as originally proposed by Parisi et al. 432 

(2005). However, how the values of the 22 traits in the ColTrait database were 433 

harmonised with the Parisi et al. (2005) EMI assigned to each of the species they 434 

collected was not clearly documented. Another recent paper by Ashwood et al. (2023) 435 

used the same five traits as Machado et al. (2019), rooted in Vandewalle et al. (2010), 436 

and the same EMI methodology as Parisi et al. (2005) in their QBS-c analysis to 437 

assess the influence of reclamation practices of a restored landfill and compared it 438 

with the surrounding arable land and woodland in the United Kingdom. Although they 439 

were able to show the sensitive responses of QBS-c to different levels of disturbance 440 

(with a low QBS-c value of ca. 20 in reclaimed soils and high QBS-c values of 74 and 441 

92 in woodland and grass margins, respectively), it is unclear how the authors 442 

assigned the EMI values for each trait and species, given the discrepancies between 443 

Parisi et al. (2001) and Vandewalle et al. (2010) listed above, e.g. for the number of 444 

ommatidia. Taken together, these findings reveal substantial methodological variability 445 

in EMI assignment and QBS-c computation across studies, highlighting the need for a 446 

more standardized framework, as outlined in the following section. 447 



 

 

4. Discussion 448 

4.1 Recommendation for unification of the EMI assignment and QBS-449 

c quantification 450 

From an applied perspective, the key question is how to use Collembola traits to derive 451 

robust, cost-effective indicators of soil quality that can be implemented in monitoring 452 

schemes. The QBS-c method offers such a possibility because it avoids full species 453 

determination and can be applied by non-specialists. However, our review shows that 454 

despite a strong conceptual basis, methodological differences currently hamper wider 455 

use and cross-study comparison, particularly regarding which traits to include, how to 456 

score them and how to aggregate EMIs of species to community-level indices. To 457 

support future applications of QBS-c in soil quality assessment and trait-based 458 

ecology, we recommend harmonising data acquisition procedures from species-level 459 

EMI assignment to community-level QBS-c computation. Based on these findings, we 460 

outline guidelines that can be readily adopted and adapted by soil ecologists, 461 

consultants and agencies (Table 1). 462 

Table 1. Current practices and suggested recommendations for the future use of the 463 

Collembola eco-morphological index (EMI) and the Collembola-based Soil Biological 464 

Quality Index (QBS-c) in applied soil monitoring. (Mean Trait Value, mT; Community 465 

Weighted Mean, CWM; Edaphic Adaptation Score; EAS; Life-Form Trait, LFT). 466 

Aspect Current practice in 
literature 

Recommendation 

Number of traits 5 – 22 traits used; 5 
most common 

Select 3 core traits: body size (3 – 4 
classes), furca (presence/degree of 
reduction), pigmentation; can be extended 
to 3 – 6 traits depending on resources 



 

 

Trait types Mix of 
morphological and 
non-morphological 

Restrict to morphological traits for QBS-
c/EMI; avoid using habitat, life-form, 
dispersal ability and reproductive mode as 
EMI components 

EMI direction Some use high 
score for soil 
adaptation; others 
do the opposite 

Following Parisi (2001), assign EMI so that 
higher scores always reflect deeper soil 
adaptation (euedaphic) 

Trait scores E.g., ommatidia, 0 – 
3 or 0 – 4 

Use ordinal discrete classes with clear 
cut‑offs; provide thresholds in a table; for 
each species, sum standardized trait 
scores to obtain species EMI, e.g., use 
four classes for ommatidia as in Parisi 
(2001): 8 + 8, 6 + 6, from 5 + 5 to 1 + 1 
and 0 + 0; alternatively, balance species 
number in each class to standardize 
across traits so each contributes equally 

Community 
metric 

QBS-c, mT, CWM, 
EAS, LFT 

Use QBS-c as umbrella term; clearly 
specify whether presence/absence or 
abundance-weighted; report both 
presence–absence QBS‑c and 
abundance‑weighted QBS‑c when possible 

 467 

4.1.1 How many traits? 468 

The main discrepancy in species-level EMI assignment concerns the number of traits 469 

used. Most studies use five traits, whereas the original implementation by Parisi (2001) 470 

used seven traits (body size, pigmentation, cuticular structure, ommatidia, antenna 471 

length, furca and leg length). Vandewalle et al. (2010) reduced this to five traits 472 

(pigmentation, scales/hairs, ommatidia, antenna-to-body length and furca), and 473 

subsequent authors often followed this scheme with minor modifications to scoring 474 

(Martins da Silva et al. 2016, Oliveira Filho et al. 2016, Reis et al. 2016, dos Santos et 475 

al. 2018, Machado et al. 2019, Hishi et al. 2022, Qiao et al. 2022). For example, Hishi 476 

et al. (2022) used the same five traits but changed the EMI values for ommatidia and 477 

scales/hairs and Qiao et al. (2022) replaced antennae with body size, but Ferrín et al. 478 



 

 

(2023) used considerably more (up to 22) traits, resulting in a wide  methodological 479 

spectrum of trait complexity. 480 

To maintain operational simplicity and still capture the main gradient of edaphic 481 

adaptation, we advocate a compromise between labour (time, equipment and 482 

expertise) and performance (sensitivity and robustness). For routine soil monitoring 483 

and broad‑scale comparisons, a minimal set of three traits—body size, furca and 484 

pigmentation—is sufficient, while more detailed functional studies may extend this to 485 

six morphological traits (body size, pigmentation, ommatidia, antenna length, 486 

scales/hairs and furca). This tiered trait design allows managers and monitoring 487 

agencies to choose a level of complexity that matches their resources, while still 488 

producing QBS‑c values that are comparable across sites and studies. 489 

4.1.2 Which traits? 490 

Researchers have used different criteria for trait selection and value assignment, 491 

making across-study comparison difficult, if not impossible (Yin et al. 2020, Qiao et al. 492 

2022, Ferrín et al. 2023). For example, Joimel et al. (2017) used pigmentation, 493 

scales/hairs, ommatidia, antenna length, furca and legs, but not body size. Similarly, 494 

Yin et al. (2020) used body size, pigmentation, scales/hairs, ommatidia, antenna 495 

length and furca, but not leg; instead, they added life history. Conversely, Ferrín et al. 496 

(2023) considered several additional morphological traits, such as body shape, 497 

minimum and maximum body length and antenna-head ratio, leg-body ratio, minimum 498 

and maximum number of pseudocelli, ommatidia, post-antennal organ (PAO) and 499 

trichobothria. However, such a determination for many traits—in their case up to 22—500 

requires specialised instruments or comprehensive databases. We propose to retain 501 

the most commonly used six morphological traits to ensure comparability with existing 502 



 

 

literature: body size, pigmentation, ommatidia, antenna, scales/hairs and furca (Yin et 503 

al. 2020). However, for ease of application, this set can be reduced to three key traits: 504 

body size, furca and pigmentation. 505 

 506 

Figure 1. Principal Component Analysis for the seven traits (black arrows) proposed 507 

by Parisi (2001) for EMI calculation (values ranging from 0 to 40) in Italian Collembola 508 

genera. Congeneric species with different trait value assignments were treated as 509 

separate analytical units. In total, 177 genus-trait units were analysed. EMI values are 510 

represented by circle size, taxonomy by colour (order, A; family, B), and number of 511 

genus-trait units overlap by colour intensity of circles. Positions of rectangles with 512 

taxonomic nomenclature are centroid positions for the genera of the respective taxa. 513 

As shown in Figure 1, the PCA results indicated that the first two principal components 514 

together explain 71.6% of the total trait variation, with antenna, furca and leg length 515 

forming one correlated group and ommatidia, pigmentation and cuticle forming 516 

another, while body size defined an almost independent axis. This redundancy 517 

suggests that a smaller, carefully selected subset of traits can capture most of the 518 

relevant variation for edaphic adaptation. Collembola species with high EMI values are 519 



 

 

positioned on the left side along PC1, reflecting the general “euedaphic” trend of EMIs 520 

in different Collembola. 521 

To balance information content and feasibility, we recommend using body size, 522 

pigmentation and furca as a default minimal trait set for EMI assignment in applied 523 

QBS-c studies. Size contributes unique information and is straightforward to measure; 524 

pigmentation is easier to score consistently than ommatidia or cuticle structures; and 525 

furca is robust to handling and strongly related to microhabitat use. In routine soil 526 

surveys this minimal trait set can be implemented without specialised taxonomic 527 

expertise, making Collembola-based QBS-c feasible for applied soil health monitoring. 528 

We elaborate these points below.  529 

4.1.2.1 Body size 530 

Body size (or length) was not directly used for EMI by Vandewalle et al. (2010) but as 531 

the base for judging antenna relative length. However, in the original Parisi (2001), 532 

body length was assigned as a discrete ordinal trait with three levels and added into 533 

species EMIs, and 10 out of the 21 studies considered body size. As our trait PCA has 534 

indicated, body size is a relatively independent trait from the other traits and it 535 

contributed the least to the EMI. However, body size can be rendered as the second 536 

dimension of the Collembola morphological trait space, apart from the other traits 537 

indicating the life-form. In Collembola trait-based ecology, body size has proven to be 538 

an effective functional trait which is widely used (Bonfanti et al., 2018; Hishi et al., 539 

2024). 540 



 

 

4.1.2.2 Other morphological traits in Parisi EMI 541 

The other traits considered by Parisi (2001) are rather correlated with each other and 542 

aligned in the same direction in the EMI trait space, suggesting using them together is 543 

good to represent Collembola trait syndrome which, in the original idea, is to indicate 544 

adaptation to soil life (i.e., life-form). Due to the dominance of these positive correlated 545 

traits, the EMI is inevitably weighted more by these morphological traits than by body 546 

size. However, we do not consider it necessary to include all these traits in the EMI 547 

calculation, but rather to select a subset, as some are rather difficult to acquire. For 548 

example, as compared to furca, legs and antennae are more fragile and prone to 549 

damage. Pairs of legs and antennae would also increase measurement variations of 550 

different researchers as compared to a single or absence of furca for each species. 551 

However, furca, legs and antenna could provide different functions for Collembola: 552 

furca for locomotion and antenna for sensation; nevertheless, these traits may be 553 

needed when Collembola encounters predators. Due to redundancy (high correlation) 554 

with furca, leg and antenna can be excluded from but furca retained in the EMI 555 

calculation. 556 

Determination of ommatidia number and scales/hairs may require specific 557 

instrumentation or comprehensive descriptions such as the Collembola synopsis 558 

series (Zimdars & Dunger, 1994; Bretfeld, 1999; Potapov, 2001; Thibaud et al., 2004). 559 

For a less experienced researcher (e.g., students) in the beginning it could be difficult 560 

to empirically observe such features from field-collected specimens, as ommatidia are 561 

transparent and usually confusing with the pigment beneath them. It may be 562 

challenging for beginners who only rely on a basic stereoscope. However, an 563 

advantage of having the ommatidia number in the EMI is due to its taxonomic 564 



 

 

conservatism thereby the values for species can be inferred from taxonomy at a higher 565 

level than species (i.e., families or genera) from literature. However, for some difficult 566 

taxa such as Isotomidae, genera are divergent across the EMI trait space (Fig. 1B). 567 

Therefore, the ommatidia number of them should be confirmed by microscopy. 568 

Pigmentation is rather easy to observe and its value to define. However, pigmentation 569 

may vary between juvenile and adults, and it is often not a reliable character in species 570 

determination, as intraspecific color variations are documented for some genera (e.g., 571 

Isotoma, Entomobrya) (Fjellberg, 2003; Burkhardt & Filser, 2004; Baquero & Jordana, 572 

2008; Katz et al., 2015a). As ommatidia and pigmentation are highly correlated (R2 = 573 

0.75), we recommend having either ommatidia or pigmentation is sufficient. 574 

Collecting data of Collembola cuticle structures, hairs and scales, remains difficult, 575 

even if these two traits are documented as presence or absence for species. 576 

Empirically, the presence of hairs can vary depending on life stages; juveniles may 577 

show different characteristics than adults. It is advisable to consider only the adult trait 578 

state when assessing EMI; however, it may not reflect reality, as most field populations 579 

could be dominated by juveniles or sub-adults. There would also be significant 580 

intraspecific variation in the presence or amounts of hairs, which might arise from 581 

several factors, including genetic diversity, environmental influences, or 582 

developmental conditions (Katz et al., 2015a; Katz et al., 2015b; Tully & Potapov, 583 

2015; Palacios-Vargas et al., 2019). In practice, determination of hairs is often 584 

subjective and strongly dependent on the observer’s experience. Compared to hairs, 585 

scales are even more difficult to observe, as they require good magnification 586 

instruments and some training for researchers for finding the feature under 587 

microscopes. Scales are hardly visible on scanned images when many specimens are 588 

processed at once. In the EMI trait space, cuticle structures (i.e., hairs/scales) are 589 



 

 

highly correlated with antennal length, as indicated by the similar loadings along the 590 

PC1. Along the PC2, the cuticle trait is grouped with pigmentation and ommatidia 591 

number. We therefore recommend excluding cuticle structure from the EMI. 592 

For the EMI trait space, the first three PCs represented 88% of the total variation, 593 

suggesting the seven traits are rather redundant. We recommend minimising effort by 594 

focusing on a reduced set of traits and measuring the three following traits of each 595 

species: body size, furca and pigmentation (or ommatidia number). Nonetheless, 596 

authors may adjust which traits according to their need and capacity, as long as the 597 

procedures are well documented, but this tiered trait design allows land managers and 598 

monitoring agencies to select a level of complexity that matches their resources while 599 

still producing QBS-c values that are comparable across sites and studies. 600 

4.1.2.3 Non-morphological variables 601 

In some EMI and QBS-c studies, researchers incorporated non-morphological 602 

variables for indicating life history, behaviour and microhabitat preferences such as 603 

habitat, reproductive mode, dispersal ability and life-form. They claimed that these 604 

“traits” can reflect certain soil habitat adaptations (Yin et al., 2020; Qiao et al., 2022; 605 

Hishi et al., 2022; Ferrín et al., 2023). However, to avoid ambiguity and make future 606 

studies comparable, we recommend not using traits beyond the morphological ones 607 

proposed by Parisi (2001) and Parisi et al. (2005), when the research aim is for 608 

biomonitoring with Collembola EMI concept and QBS-c index (Parisi 2001, Parisi et 609 

al. 2005). However, these traits may be useful for some fundamental ecological 610 

questions. 611 



 

 

Reproductive mode has been applied for studies on QBS-c and Collembola trait 612 

ecology, but it has never been included in Parisi et al (2005) or Vandewelle et al. 613 

(2010). However, reproductive mode could be used as a proxy for environmental 614 

resource availability, which further suggests some quality criteria of the soil habitat. As 615 

predicted by the Structured Resource Theory of Sex suggests, sexual reproduction is 616 

predominated in spatially structured habitats where resources are structured and 617 

renewed at low rates (Scheu and Drossel, 2007). However, empirically for 618 

researchers, without certain training, it is difficult to assign reproductive mode to field-619 

collected individuals (Chahartaghi et al., 2006). Reproductive mode, therefore, should 620 

not be used as a regular trait for EMI or QBS-c.  621 

Traits in terms of “habitat”, dispersal ability and life-form, when used in EMI or QBS-c 622 

context, are less defined. Therefore, we recommend not to use them. Theoretically 623 

the distribution “traits” (occurrence or occupancy) have to be empirically collected from 624 

fields, but in practice researchers usually derive the distribution variables (e.g. life-625 

form) from databases or simply inferred by the morphological traits. Empirical 626 

microhabitat distribution of Collembola species would vary across studies or ecological 627 

contexts. Dispersal ability is generally assigned to species based on morphology (Qiao 628 

et al., 2022; Yin et al., 2020), which is already redundant with the information provided 629 

by morphological variables. Habitat is an ambiguous term as a trait and strictly 630 

speaking it refers to the vertical stratification of Collembola in the soil profile, thus 631 

ecological preference, and so does the life-form, which, in principle, refers to 632 

Collembola spatial niches in soil horizons. It is a real physical distribution of 633 

Collembola species in soil profile and is an outcome of adaptation, which is usually 634 

informed by the morphological traits discussed in the previous sections. As these 635 

variables are derived from other variables, the habitat preference, dispersal ability and 636 



 

 

life-form are secondary variables and redundant to the other morphological traits. They 637 

may have problems of logical circularity and therefore are not suitable for soil quality 638 

assessment. Although they have been used in studies of community functional 639 

diversity, we propose that such non-morphological traits should not be included in 640 

EMIs and QBS-c when the aim is soil quality assessment. 641 

4.1.3 What type of variable and which values to assign? 642 

4.1.3.1 Continuous or ordinal discrete variables 643 

For the traits from the studies we have reviewed, only body size and antennal length 644 

are continuous variables. Measuring a quantitative continuous variable across 645 

thousands of individuals is laborious. The problem may even be more serious for 646 

measuring antenna length (or the ratio of antennae length to body length), as antennae 647 

are easily being lost during handling of specimens. Therefore, when exact 648 

measurements are not feasible, ordinal discrete variables provide a practical 649 

alternative for continuous traits in EMI assignment, even if some statistical power is 650 

lost.  651 

For ordinal discrete variables, it is essential to define adequate intervals for the whole 652 

range of values. However, there appears to be no consensus on the number of 653 

intervals and the range for each interval for Collembola body size. Collembola body 654 

size can vary widely from 0.18 - 6.5 mm (Ferrín et al., 2022). Parisi (2001) defined 655 

three intervals of measurements for body size (>3 mm; 2 - 3 mm; <2 mm), while Yin 656 

et al. (2020) defined four intervals (> 3 mm; 2 - 3 mm; 1 - 2 mm; 0 - 1 mm). It seems 657 

appropriate to consider the full range of size spectrum of the species collected and let 658 

each interval have a similar number of species belonging to it, and then, to have three 659 



 

 

or four levels in the end for the ordinal discrete variable, where each species has a 660 

specific category for size class. However, empirically, researchers may find many 661 

juveniles from the collection, which are much smaller than the adults. In this case, the 662 

assignment of size by the adult class may not reflect real size distribution in the 663 

community. By contrast, traits such as furca and ommatidia (but not pigmentation) are 664 

assumed to be consistent between adult and juvenile and to show limited intraspecific 665 

variation, and therefore omit the juvenile problem. The furca is usually coded as a 666 

presence/absence binary variable, while ommatidia are ordinal discrete integers. 667 

4.1.3.2 Levels and scoring orders for discrete traits 668 

Even if a discrete ordinal variable like ommatidia is relatively easy to assign scores to 669 

Collembola species, discrepancy exists between studies. Researchers divided the 670 

number of ommatidia into different scoring classes. In Parisi (2001), there are four 671 

possible EMI scores: “0” (8 + 8 ommatidia), “2” (6 + 6 ommatidia), “3” (from 5 + 5 to 1 672 

+ 1 ommatidia) and “6” (0 + 0 ommatidia). In Vandewalle et al. (2010), there are five 673 

possible EMI scores: “0” (7 + 7 and 8 + 8 ommatidia), “1” (5 + 5 and 6 + 6 ommatidia), 674 

“2” (3 + 3 and 4 + 4 ommatidia), “3” (1 + 1 and 2 + 2 ommatidia) and “4” (0 + 0 675 

ommatidia). In Yin et al. (2020), the same range is used as Vandewalle et al. (2010), 676 

but the EMI values are in ascending order with ommatidia number. In Hishi et al. 677 

(2022), there are three possible EMI scores: “0” (from 5 + 5 to 8 + 8 ommatidia), “2” 678 

(from 1 + 1 to 4 + 4) and “4” (0 + 0 ommatidia). In other studies, including Martins da 679 

Silva et al. (2016), Oliveira Filho et al. (2016), Reis et al. (2016), dos Santos et al. 680 

(2018) and Machado et al. (2019), the values attributed to ommatidia is simplified to: 681 

“0” (present) and “4” (absent), whereas in Qiao et al. (2022) it is in the opposite 682 

direction: “4” (present) and “0” (absent). How researchers divided ommatidia numbers, 683 



 

 

which range from 0 + 0 to 8 + 8, into classes vary. We recommend the most 684 

straightforward approach proposed by Parisi (2001) with four classes of ommatidia 685 

numbers. Adopting a common ommatidia scoring system and direction across studies 686 

will greatly facilitate cross‑site comparisons and the use of QBS‑c in multi‑site 687 

monitoring programmes. 688 

In Qiao et al. (2022), not only for the scoring of ommatidia number different from the 689 

other studies, the researchers also ordered the life-form differently from Yin et al. 690 

(2020) by assigning a higher EMI value to more surface-adaptive (i.e. epiedaphic) 691 

species. We recommend synchronising the value assignment in line with the original 692 

proposal of Parisi (2001), i.e., a higher value indicating more soil-habitat (i.e. 693 

euedaphic) adaptation. Moreover, we call for an open and comprehensive clarification 694 

of the process of trait score assignment in research studies. We have noticed that, in 695 

many cases, it is rather difficult to understand the methods used by authors to extract 696 

or determine these scores. Clear guidance on this issue would greatly improve 697 

transparency and facilitate better comparison between studies. 698 

4.1.3.3 Standardization and sources for species traits 699 

When multiple traits are summed into species EMI, it is recommended to standardize 700 

values across trait variables, thereby to give the same weights for different traits. 701 

Currently for Italian Collembola species, Menta (2008) provided a list, to which a fixed 702 

EMI value has been assigned to each species. This list serves as the only species-703 

level EMI reference available, while the occurrences of the species in the list are not 704 

limited to Italy. For species not included in such lists, although values may be derived 705 

from taxonomic literature, we recommend using empirical measurements from field-706 

collected specimens as primary data sources. Establishing regional Collembola trait 707 



 

 

databases is currently needed, albeit the process would be lengthy and some 708 

databases have achieved this goal (e.g., BETSI; Joimel et al., 2021). In addition, for 709 

the existing Collembola database, it would be a mutual benefit if chances are allowed 710 

to integrate the EMI in addition to the existing trait variables. The creation of a more 711 

extensive regional species trait list or global trait database with EMI being included 712 

could serve as a standardized database for future Collembola ecological research, 713 

making taxonomic determination work more ecological and even applicable for 714 

monitoring by QBS-c.  715 

4.1.4 Scaling species EMIs to community-level QBS-c 716 

4.1.4.1 Terminology for community-weighted metrics 717 

At the community level, studies have used a variety of terms and metrics (QBS-c, mT, 718 

CWM, EAS, life-form indices), although the underlying principle is the same: 719 

aggregating species-level adaptation scores into a single community value. To reduce 720 

confusion, we suggest using the term “EMI” for species-level soil adaptation values 721 

and reserving “QBS-c” for the community-level Collembola soil quality index. Other 722 

community-weighted means of EMI scores can be described explicitly as presence–723 

absence-based QBS-c or abundance-weighted QBS-c, rather than introducing 724 

additional acronyms. 725 

4.1.4.2 Presence–absence versus abundance-weighted approaches 726 

QBS-c was originally defined as the sum of species (or morphotype) EMI values based 727 

on presence–absence data. Several recent studies have extended this to abundance-728 

weighted versions by multiplying each species’ EMI by its abundance and summing 729 

across the community. Both approaches have merits: 730 



 

 

● Presence–absence QBS-c is simpler, less sensitive to sampling effort, and 731 

more suitable for large-scale comparisons or monitoring networks. 732 

● Abundance-weighted QBS-c captures the dominance of specific life-forms and 733 

may be more sensitive to local habitat quality and management effects. 734 

We recommend that, where abundance data are available, both metrics are reported. 735 

Presence–absence QBS-c allows comparability with the original method, while 736 

abundance-weighted QBS-c provides additional ecological resolution, particularly in 737 

small-scale or experimental studies. In applied contexts, presence–absence QBS‑c 738 

can be prioritised when resources are limited, while abundance‑weighted QBS‑c is 739 

particularly useful in experimental or long‑term observatories where more detailed 740 

information on dominance patterns is desirable. Reporting both presence–absence 741 

and abundance-weighted QBS-c will support integration of Collembola-based 742 

indicators into broader soil health frameworks, including national or continent-wide 743 

monitoring schemes, where consistency and cost-effectiveness are essential. In both 744 

cases, the treatment of juveniles should be described clearly, and, where possible, 745 

restricted to adults for EMI assignment. 746 

4.1.5 Good practice in implementation and reporting 747 

Transparent reporting of data types, trait sources and computational steps is essential 748 

for making EMI- and QBS-c-based studies comparable and reusable. We recommend 749 

the following minimum reporting standards: 750 

1. Provide a supplementary table listing all traits used, their type (continuous or 751 

ordinal), scoring scheme, and the direction of scores (e.g., higher EMI = more 752 

euedaphic). 753 



 

 

2. For each species or morphotype, report the trait values and resulting EMI, along 754 

with the source of information (empirical measurement vs literature/database). 755 

3. Explicitly describe how species EMIs were aggregated to the community level 756 

(presence–absence vs abundance-weighted, treatment of juveniles, handling of 757 

unidentified morphotypes). 758 

4. If deviations from the original Parisi or Vandewalle schemes were necessary (e.g., 759 

different trait sets, different scoring thresholds), clearly justify these choices and 760 

document them so that other studies can reproduce or adjust the procedure. 761 

Adopting these reporting practices will facilitate meta-analysis, cross-site comparisons 762 

and integration of QBS-c with other soil quality and functional diversity metrics. It will 763 

also help bridge taxonomic trait compilations and applied biomonitoring, making 764 

Collembola EMI-based indices more broadly usable in both ecological research and 765 

land management. 766 

4.2 Two different paths leading to the same destination for 767 

Collembola functional index 768 

Regarding the future application of QBS-c, according to the current techniques, two 769 

scenarios are envisioned for future EMI index determination:  770 

● The taxonomic way, which involves the assistance of specialised taxonomists 771 

to determine the species for each individual analysed. This approach requires 772 

compiling a list of known Collembola species and associating an EMI index with 773 

each of them. Once the species are identified, their EMI values are assigned 774 

using this list. An important advantage for standardisation is that users can rely 775 



 

 

directly on published EMI values associated with species names in Parisi-776 

based lists.  777 

● The morphological functional way, which involves measuring morphological 778 

traits using image acquisition techniques, and then determining the EMI index 779 

through trait measurements, followed by determining a less detailed taxonomic 780 

level (family). This approach is time-saving and better reflects empirical 781 

conditions. 782 

The choice between the two ways for the index determination will depend on the 783 

researcher's expertise. Without measures to train new personnel, support from 784 

experienced taxonomists is likely to decrease over the coming years. Therefore, we 785 

believe that the second method will become the more popular one, especially for 786 

regions where taxonomists are limited. However, for a long-term monitoring of a 787 

locality, having taxonomic expertise would be needed, in order to find actual 788 

Collembola diversity. The Global Collembola Initiative may provide scientific support 789 

not just for connecting researchers of different expertise across the globe together but 790 

also training young scientists. 791 

4.3 Bridging QBS-c to Collembola functional ecology 792 

Bioindication applications typically rely on combinations of different trait sets, whereas 793 

fundamental community trait ecology tends to focus on the examination of individual 794 

traits. In the following section, we will delve into fundamental community ecology within 795 

the context of functional traits. 796 

Comparing the efficacy of the QBS-c method to other existing methods, such as the 797 

community weighted mean (CWM) and functional diversity (FD) indices, in addressing 798 



 

 

fundamental ecological questions regarding soil animal at community level is not 799 

straightforward (Hishi et al., 2022; Martins da Silva et al., 2016; Moss et al., 2020; Yin 800 

et al., 2020; Qiao et al., 2022). This complexity arises because the QBS index is 801 

derived from summing values based on multiple trait assessments. 802 

In Parisi (1974, 2005) the morphological characters of edaphic microarthropods that 803 

reveal adaptation to soil environments are described as: reduction or loss of 804 

pigmentation and visual apparatus; streamlined body form, with reduced and more 805 

compact appendages (hairs, antennae, legs); reduction or loss of flying, jumping or 806 

running adaptations; reduced water-retention capacity—e.g. thinner cuticle, lack of 807 

hydrophobic compounds on the outer surface. The conceptual basis of EMI is to 808 

assign higher values to traits associated with greater soil adaptation, and 809 

consequently to attribute higher soil quality values to environments with a higher 810 

number of euedaphic forms. In this sense, adaptations of morphological traits are 811 

considered functional ‘responses’ to soil microhabitats. These morphological traits 812 

have been shown to respond to land use changes and agricultural practices (Martins 813 

da Silva et al., 2016; dos Santos et al., 2018; Yin et al., 2020; Chassain et al., 2023). 814 

Further studies are required to gain a deeper understanding of the influence of local 815 

environmental variables e.g. soil pH, moisture and nutrients on these traits as well as 816 

other morphological traits of Collembola. 817 

However, Parisi’s framework did not explicitly link these traits to ecosystem services. 818 

(Parisi, 1974, 2001, 2005). On the contrary,  Vandewalle et al. (2010) showed that 819 

trait-based metrics can be linked to ecosystem functions, providing a bridge between 820 

biodiversity and ecosystem service provision Furthermore, trait-based metrics can 821 



 

 

serve as proxies for the rate or relative importance of specific processes and can assist 822 

in predicting ecosystem services (Bonfanti et al., 2018). 823 

4.4 Future perspectives 824 

The main future challenge is to standardise the application of QBS‑c across countries, 825 

to encourage wider adoption of the index and generate comparable datasets for 826 

upcoming soil biodiversity and soil health syntheses. We call for a coordinated effort 827 

to develop regional and global Collembola EMI databases, ideally by integrating EMI 828 

values into existing trait repositories such as ColTrait and BETSI. 829 

In the short term, a global trait list could be built by extending the Italian EMI 830 

compilation of Menta (2008) with additional species lists under the supervision of 831 

experienced taxonomists. In the medium term, these trait values should be validated 832 

using empirical specimens collected through large-scale and standardised sampling 833 

campaigns, for example within the Soil BON Foodweb initiative 834 

(https://soilbonfoodweb.org/) and other soil biodiversity monitoring projects. In the 835 

longer term, integrating automated image analysis (Oriol et al., 2024) and 836 

metabarcoding pipelines will allow the development of models for semi‑automatic 837 

QBS‑c implementation in large‑scale biomonitoring. 838 

Several technical and conceptual questions remain, particularly regarding how to 839 

account for juveniles in QBS‑c. Potential solutions include using head‑to‑body length 840 

ratios or assigning different EMIs to juveniles and adults, acknowledging that they may 841 

differ in their degree of soil adaptation. Future research should also explore 842 

correlations between QBS‑c, other soil biological quality indices (such as QBS‑e 843 

based on earthworms; Paoletti et al., 2013; Fusaro et al., 2018; Ashwood et al., 2023) 844 

https://soilbonfoodweb.org/


 

 

and standard chemical, physical and microbiological soil properties, as well as links 845 

between Collembola morphological traits, soil functions and ecosystem services. 846 

Moreover, QBS‑c needs to be tested in a wider range of environments beyond forests, 847 

pastures and arable fields, including urban areas, green roofs, solar parks, and 848 

post‑industrial sites. The recent availability of global Collembola community data 849 

(Potapov et al., 2024) provides an opportunity to address many of these questions. 850 
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