
HAL Id: hal-04429824
https://hal.science/hal-04429824

Submitted on 11 Mar 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Copyright

Management of grassland: A necessary tool to maintain
plant and earthworm diversity

Kevin Hoeffner, Frédérique Louault, Lou Lerner, Guénola Pérès

To cite this version:
Kevin Hoeffner, Frédérique Louault, Lou Lerner, Guénola Pérès. Management of grassland: A nec-
essary tool to maintain plant and earthworm diversity. European Journal of Soil Biology, 2024, 120,
pp.103589. �10.1016/j.ejsobi.2023.103589�. �hal-04429824�

https://hal.science/hal-04429824
https://hal.archives-ouvertes.fr


 
 
 

1 
 
 

Title: Management of grassland: a necessary tool to maintain plant and earthworm diversity 1 

 2 

Authors : Kevin Hoeffner1,2, Frédérique Louault3, Lou Lerner2, Guénola Pérès2 3 

 4 

Adresses : 5 

1University of Rennes, CNRS, ECOBIO [(Ecosystèmes, biodiversité, évolution)] - UMR 6553, 6 

Rennes, France  7 

2UMR SAS INRAe Institut Agro Rennes-Angers, 65 rue de Saint Brieuc, 35042 Rennes Cedex, 8 

France  9 

3Université Clermont Auvergne, INRAE, VetAgro Sup, UMR Ecosystème Prairial, 63000 10 

Clermont-Ferrand, France 11 

 12 

E-mail addresses : 13 

Kevin Hoeffner (Corresponding author, kevin.hoeffner@univ-rennes.fr) 14 

Frédérique Louault (frederique.louault@inrae.fr) 15 

Lou Lerner (lou.lerner@gmail.com) 16 

Guénola Pérès (guenola.peres@institut-agro.fr) 17 

 18 

Keywords : Permanent grassland, mid-mountain, grazing, cattle, sheep, mowing 19 

  20 



 
 
 

2 
 
 

Abstract 21 

In temperate grassland, earthworms contribute to the major soil processes which determine most 22 

of the ecosystem services. The characteristics of plant communities in grassland are key factors in 23 

maintaining earthworm communities, however effects of different herbage management on 24 

earthworms remain largely unknown. In this context, the aim of the present study was to determine 25 

the long-term effects of herbage management on grassland plant and earthworm communities. 26 

Plants and earthworms were sampled in a 14-years-old experiment in upland grasslands (Massif 27 

central, France). Abandoned grasslands were compared with mowed grasslands and with pastures 28 

grazed by cattle (at low or high intensities) or grazed by sheep (at low intensity). Compared to 29 

abandoned grassland, herbage management by grazing or by mowing display higher leguminous 30 

plant, community-weighted mean Ellenberg light values as well as plant richness while they display 31 

lower percentage of plant litter and community-weighted mean Ellenberg nitrogen values. The 32 

differences in plant richness were associated with a significant change in plant community 33 

structure. Compared to the abandoned grassland, herbage management by grazing or mowing 34 

significantly display higher earthworm biomass and total richness. Except for pastures grazed by 35 

cattle at high intensity, earthworm abundance was at least twice that in the grassland at low grazing 36 

intensity or mowing compared to the abandoned grassland. Earthworm communities were 37 

significantly different between grazed and mown treatments notably due to changes within 38 

Aporrectodea anecic and endogeic earthworm species. Overall, herbage management by animals 39 

or by mechanical export is beneficial for plant and earthworm diversity although no clear 40 

differences between management practices for earthworm richness, total biomass or total 41 

abundance were observed. Our results highlight that abandonment does not preserve biodiversity 42 
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(plant, soil macrofauna) while management of grassland by grazing or mowing is a necessary tool 43 

for biodiversity conservation and improvement. 44 

  45 
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1. Introduction 46 

 Grassland ecosystems are widespread around the world, comprising 67% of agricultural area 47 

[1]. Grasslands provide several important ecosystem services such as the provision of forage, 48 

biodiversity habitat, in addition to the regulation of carbon storage, although this is dependent on 49 

objectives [2–4]. It is well known that these ecosystem services rely on complex biotic interactions 50 

constituting ecosystem processes [5–7]. 51 

 Herbage management of grassland, through mowing and grazing impact plant functional 52 

types and diversity. Reduced disturbance [8] enhanced plant types with later flowering date and 53 

higher plant size with higher leaf dry matter content [8], foliar trait being linked to slower tissues 54 

decomposition [9]. Reduced grazing intensity [10] favor stress tolerant grasses to the detriment of 55 

competitive grasses [10], these grass strategies contrasting with species long-lived tissues 56 

producing litter of lower quality than species with opposite traits [11]. Management, also alters the 57 

quantity of plant litter [10], and the quality through changes in root N concentration [12] or 58 

production of secondary compounds in response to herbivory [13]. These changes in the amount 59 

of litter and the litter traits strongly impact the soil decomposer communities [14,15], including 60 

earthworms [16–18], which contribute to a large range of ecosystem services [19]. For example, 61 

Eisenhauer et al. [17] observed that earthworm performance was driven by the presence of certain 62 

functional plant groups, such as legumes, that were linked to high quality inputs of plant residues. 63 

In contrast, abandoned grassland produced a lower litter quality, closer to that found in scrubland 64 

or forests environments [20] unfavourable for common earthworm species [18,21]. 65 

The effects of grazing animals on earthworm communities are balanced between the negative 66 

effects of soil compaction under heavy loading [22–24], and the positive effects of organic matter 67 
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return through animal faeces, leading to improved trophic resources [25,26]. These positive effects 68 

can be direct, notably via animal faeces which constitute a resource for decomposers, or indirect, 69 

as faeces contribute to soil fertility. However, these effects are strongly depending on the livestock 70 

level, as demonstrated by King and Hutchinson [25] who showed that 20 sheep ha-1 were 71 

favourable to the development of earthworm communities while 30 sheep ha-1 were unfavourable. 72 

While previous studies have investigated the influence of grassland management (abandoned, 73 

mowed, or grazed) on earthworm communities [24,27–31], we are unaware of any research 74 

comparing the simultaneous effect of both grazing or mowing with abandoned grasslands on these 75 

communities.    76 

 The objectives of this study were to assess the long-term effects of an increasing herbage 77 

management by grazing or mowing on plant and earthworm communities. We hypothesized that 78 

the intensity of herbage utilisation gradually modifies plant community characteristics and 79 

consequently improves earthworm community structure. At a long-term experimental site, after 14 80 

years of differentiated management practices, abandoned grasslands were compared with mown 81 

grasslands and with grasslands grazed by sheep or by cattle, at different herbage utilization 82 

intensity. 83 

 84 

2. Materials and methods 85 

2.1 Study site and experimental design 86 

 The study site consists of upland grassland plots and is part of the long-term observatory 87 

SOERE-ACBB (Systems of Observation and Experimentation in Environmental Research - 88 

Agroecosystems, Biochemical cycles and Biodiversity), managed by the French National Institute 89 
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of Agricultural Research and Environment (INRAE) and supported by AnaEE-F. The study site is 90 

located in Theix, central France (45°43’43’’N, 03°1’21’’E, 880 m a.s.l.). Historically, the site, 91 

which contains all the studied plots, was used for grazing and mowing. In the late 1960s, following 92 

localized clearing of undergrowth and overseeding, the site was managed as a mixed regime with 93 

cuts for silage or hay until 2003, with applications of mineral and organic fertilizers, followed by 94 

autumn grazing. In the two years prior to experimentation (2003-2004), three annual cuts were 95 

carried out without fertilizer. In 2005, five treatments, representing different management 96 

practices, were established to test for the effect of intensity of grassland utilisation: (i) mowing 97 

regime (MO), (ii), grazing by cattle at a high level of herbage utilization (CA+), (iii) grazing by cattle 98 

at a low level of herbage utilization (CA-), (iv) grazing by sheep at a low level of herbage utilization 99 

(SH-) and (v) abandonment (AB). None of the treatments involved fertilization. The AB and MO 100 

treatments were conducted in 350 m² plots. SH- was set in 1100 m² plots grazed by five ewes 101 

whereas CA- and CA+ were set in 2200 m² plots grazed by 2 and 4 heifers, respectively. The 102 

grazing activity consisted of five annual rotations occurring in April, May, July, September and 103 

November. The mean length of the grazing period for these rotations (periods 1 to 5) was 8.6, 9.6, 104 

9.1, 7.2 and 2.6 days, respectively, based on data form 2006-2019. MO plots were mowed three 105 

time per year (in May, July, October) with the cuts made at a height of 5.5 cm and plant material 106 

subsequently removed from the field. Each treatment was replicated in 4 blocks, in a randomized 107 

block design, resulting in a total of 20 plots, for further details see Louault et al. (2017).  108 

 109 

2.2 Climate and soil properties of the study site 110 
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 The climate is semi-continental with an annual rainfall of 754 mm and a mean annual 111 

temperature of 8.8°C with a monthly minimum of -3.7°C and a monthly maximum of 22.5°C (site 112 

station data, 2009-2019). The soil, which is at least 60 cm deep, is classified as a eutric cambisol 113 

for blocks one and two and colluvic cambisol for blocks three and four, both developed from a 114 

granite bedrock [32]. The soil is characterized by an overall texture of sandy clay loam. Compared 115 

with blocks 1 and 2, blocks 3 and 4 are richer in clay and poorer in nitrogen. Moreover, organic 116 

matter is higher in blocks 1 and 2 than blocks 3 and 4, while bulk density and pH are lower in 117 

blocks 1 and 2 than in blocks 3 and 4 (Table 1, data from 2012 campaign).  118 

 119 

2.3 Sampling and analysis of plant and earthworm communities 120 

 In spring 2019, in each plot, three square meters (referred to as pseudo replication) spaced at 121 

least 5 m apart were selected to analyze plant communities and sample earthworm communities in 122 

the same location.  123 

 For plants, in each square meter, first, a list of plant species was established to quantify species 124 

richness and a visual assessment of plant cover was performed to quantify relative abundance per 125 

species and per groups in terms of leguminous, dicotyledon (not presented) and grass (not presented). 126 

Second, within each square meter, divided into 16 cells, the cover was visually estimated for plant 127 

litter including senescent plant tissue, bare soil (not presented) and living plant (not presented). Using 128 

species Ellenberg nitrogen value or Ellenberg light indicator values and species abundance in each 129 

meter square quadrat, we calculated community-weighted mean (CWM) for Ellenberg Nitrogen 130 

(CWM EN) and for Ellenberg Light (CWM EL) indicator values considering only the dominants 131 

species, i.e., species accounting for at least 85% of the cumulative species relative abundance. 132 
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Moreover, we calculated CWM values considering the dominant species for two functional traits: 133 

Leaf Dry Matter Content (LDMC; g dry mass. g water-saturated fresh mass-1), and Reproductive 134 

Plant Height (RPH, cm). LDMC reflects the biomechanical properties of the leaves [33] and 135 

account for community digestibility [34] and plant height is related to species competitive ability 136 

[35]. Plant trait data were extracted from a local trait database which provide trait’s values 137 

measured per species per plot of the experimental study site, for more details see Louault et al. 138 

[32]. 139 

 Earthworms were sampled according to the ISO 23611-1 protocol modified by Pérès et al. 140 

[36]. This protocol combines a chemical and a physical extraction. The chemical extraction 141 

consisted of three application of 10 L of formaldehyde solution on one square meter with increasing 142 

concentrations (0.25%, 0.25% and 0.4%), each followed by 15 minutes of earthworm collection. 143 

The physical extraction consisted of hand sorting a 25 cm × 25 cm × 25 cm block removed from 144 

each square meter. Collected earthworms were stored in bottles containing formaldehyde (4%). In 145 

the laboratory, the earthworms were identified to the lowest possible taxonomic rank (species or 146 

genus), individually weighted (± 1 mg) and assigned to an ecological category : epigeic,  anecic, 147 

and or endogeic [37–39] (within the anecic, we distinguished between species of the genus 148 

Lumbricus and Aporrectodea). The earthworm community parameters were total abundance and 149 

biomass, abundance and biomass of the ecological categories and species richness. 150 

 151 

2.4 Statistical analyses 152 
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Statistical analyses were performed with the R software 4.2.2 [40]. Significance was 153 

evaluated in all cases at P < 0.05. When necessary, data were log or square root transformed to 154 

meet the conditions of normality and homoscedasticity. 155 

First, we used separated two-way ANOVAs followed by Tukey HSD tests for post hoc 156 

pairwise comparisons, to test the effects of treatments (AB, SH-, CA-, CA+ and MO) and blocks 157 

(B1, B2, B3, B4) on each physico-chemical soil parameter (loam, silt, sand contents, bulk density, 158 

nitrogen, organic matter and pH). 159 

 Second, we used separated linear mixed-effects models (“nlme” package), followed by 160 

Tukey HSD tests for post hoc pairwise comparisons, to test the effects of treatments (AB, SH-, 161 

CA-, CA+ and MO) and blocks (B1, B2, B3, B4) on plant species richness, percentage of plant 162 

litter and leguminous, CWM-EL, CWM-EN, CWM-LDMC and CWM-RPH. To account for 163 

pseudo replication, the random part of the model indicated that each square meter was nested within 164 

plot. The model's syntax was: ~ Treatment + Block, random = ~1|Pseudo replication. 165 

Third, we used separated linear mixed-effects models (“nlme” package), followed by Tukey 166 

HSD tests for post hoc pairwise comparisons, to test the effects of treatments (AB, SH-, CA-, CA+ 167 

and MO) and blocks (B1, B2, B3, B4) on earthworm total abundance, biomass and ecological 168 

category (except epigeic biomass due to low values) and species richness. To account for pseudo 169 

replication, the random part of the model indicated that each square meter was nested within a plot. 170 

The model's syntax was: ~ Treatment + Block, random = ~1|Pseudo replication. 171 

To compare the structure of plant and earthworm communities between the treatments (AB, 172 

SH-, CA-, CA+ and MO) we constructed a data matrix of pairwise comparisons using the Bray-173 

Curtis distance index. Non-Metric multi-Dimensional Scaling (NMDS, “vegan” package) was used 174 
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to find the best low-dimensional representation of the distance matrix. Subsequently, we employed 175 

a Permutational Multivariate Analysis of Variance (PERMANOVA) to statistically evaluate the 176 

null hypothesis that there was no difference in the patterns of plant or earthworm community across 177 

treatments. For a comprehensive analysis, both the ‘Treatments’ and ‘Blocks’ were included as 178 

influencing factors in the PERMANOVA, run on the Bray-Curtis distance with 1000 permutations 179 

per analysis (PERMANOVA, “vegan” package). Lastly, to discern finer patterns and specific 180 

differences between treatments, we performed post-hoc pairwise comparisons and adjusted the p-181 

values using the Bonferroni correction to account for multiple testing. 182 

 183 

3. Results 184 

3.1 Plant communities 185 

 Herbage management by grazing (SH-, CA- and CA+) or mowing (MO) compared to 186 

abandoned grassland (AB) displayed a significantly lower percentage of plant litter, CWM-EN 187 

(community-weighted mean for Ellenberg Nitrogen values) and higher CWM-EL (community-188 

weighted mean for Ellenberg light values; at least 1.7, 1.2 and 1.1 times respectively, Table 2). 189 

Compared to abandoned grassland (AB), herbage management by cattle with a high level of 190 

herbage utilization (CA+) or by mowing (MO) displayed a significantly higher percentage of 191 

leguminous plant (at least 15.3 times, Table 2). In addition, compared to abandoned grassland 192 

(AB), CWM-RPH (community-weighted mean for reproductive plant height values) was 193 

significantly lower in mowed grasslands (MO; 1.2 times, Table 2), CWM-LDMC (community-194 

weighted mean for leaf dry matter content values) was significantly lower in grazed pasture by 195 

cattle with a high level of herbage utilization (CA+, 1.1 times) and plant richness was significantly 196 
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higher in mowed and grazed pastures by cattle with low and high levels of herbage utilization (MO, 197 

CA- and CA+; at least 1.5 times). Herbage management by grazing (SH-, CA- and CA+) or 198 

mowing (MO) significantly modified plant community structures compared to those of abandoned 199 

grassland (AB, Fig. 1).  200 

 Regarding the effect of animal presence, the CWM-EN was significantly higher in grazed 201 

pastures (SH-, CA- and CA+) than in mowed grassland (MO; at least 1.1 times, Table 2). The 202 

CWM-EL and plant richness were significantly lower in grazed plots at low level of utilization 203 

(CA- and SH-) while the percentage of plant litter and CWM-RPH were higher in grazed plots at 204 

low level of utilization (CA- and SH-) compared to MO. Similarly, compared to MO, pasture with 205 

sheep at low level of herbage utilization (SH-) significantly displayed a lower percentage of 206 

leguminous plants (4.7 times), meanwhile, pasture grazed by cattle at high level of herbage 207 

utilization (CA+) displayed significantly lower CWM-LDMC (1.1 times).  Animal presence 208 

contributed to the modification of plant community structure, but these are linked to grazing 209 

intensity: pasture with sheep or cattle at a low level of herbage utilization (SH-, CA-) presented 210 

different plant community structure compared to mowed grassland (MO), while there was no 211 

difference between mowed grassland (MO) and pasture with cattle at a high level of herbage 212 

utilization (CA+; Fig. 1). 213 

 The increased herbage utilization by cattle (CA+ vs CA-) decreased the percentage of plant 214 

litter and CWM-LDMC (4.2 and 1.2 times, Table 2) and increased the percentage of leguminous 215 

plant and CWM-EL (4.9 and 1.1 times, Table 2). In addition, this increase of herbage utilization 216 

by cattle significantly modified plant community structures (Fig. 1) while plant richness, CWM-217 

RPH and CWM-EN were not significantly affected (Table 2). 218 
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 With respect to effects of grazing animal species (SH- vs CA-), no significant changes were 219 

observed in plant richness, percentage of plant litter and leguminous plant, CWM-EL, CWM-EN, 220 

CWM-LDMC, CWM-RPH and plant community structures, between grazed plots by sheep or by 221 

cattle at a low level of herbage utilization (Table 2 and Fig. 1). 222 

 223 

3.2 Earthworm communities 224 

 Whatever the treatment, each earthworm ecological group was dominated by one or two 225 

species: Lumbricus castaneus and Dendrobaena mammalis for epigeic, Lumbricus terrestris, 226 

Aporrectodea giardi for anecic, and Aporrectodea caliginosa caliginosa and Allolobophora rosea 227 

rosea for endogeic earthworms (Supplementary Table S1). 228 

 Herbage management by grazing (SH-, CA- and CA+) and mowing (MO) compared to 229 

abandoned grassland (AB) displayed a significantly higher earthworm biomass (at least 1.9 times, 230 

Table 3) in addition to Aporrectodea anecic abundance and biomass (at least 3.1 and 2.7 times, 231 

Table 3). Quite similarly, herbage management by grazing with a low level of herbage utilization 232 

(SH-, CA-) or mowing (MO) compared to abandoned grassland (AB) displayed a significantly 233 

higher total earthworm abundance (at least 2.0 times, Table 3). In addition, herbage management 234 

by grazing (SH-, CA- and CA+) and mowing (MO) compared to abandoned grassland (AB) 235 

displayed a significantly higher earthworm richness (at least 1.3 times, Table 3) mainly due to 236 

Lumbricus rubellus rubellus and Lumbricus centralis (both anecic earthworms) and to a lesser 237 

extent due to Allolobophora chlorotica chlorotica and A. r. rosea (both endogeic earthworms, 238 

Supplementary Table S1). In contrast, Herbage management did not affect abundance of epigeics, 239 

endogeics and Lumbricus anecic biomass (Table 3). Herbage management modified earthworm 240 
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community structures, as those in abandoned grassland (AB) were different from those in grazed 241 

pasture (SH-, CA-, CA+) but showed no significant difference with mowed grassland (MO; Fig. 2) 242 

mainly due to the decreased of A. giardi abundance in abandoned grassland (AB, Supplementary 243 

Table S1). 244 

 Regarding the effect of animal presence, total earthworm abundance, biomass and species 245 

richness in mowed grassland (MO) were not different from those grazed by sheep or cattle (SH-, 246 

CA-, CA+, Table 3). Nevertheless, animal presence modified the earthworm community structure 247 

as epigeic abundance was at least 6.8 times higher in pastures grazed at a low level of herbage 248 

utilization (SH-, CA-) than in the mowed grassland (MO, Table 3). Similarly, Lumbricus anecic 249 

abundance was significantly higher in pastures grazed by cattle at a low level of herbage utilization 250 

(CA-) than in the mowed grassland (MO; 3.2 times, Table 3). In addition, animal presence modified 251 

earthworm community structure, as those in mowed grassland (MO) were different from those in 252 

grazed pastures (SH-, CA- and CA+, Fig. 2) mainly due to the increase of Octolasion cyaneum 253 

abundance by at least 3.2 times and the decrease by at least 6.6 times of A. rosea abundance in 254 

mowed grassland (MO, Supplementary Table S1). 255 

 The increase of herbage utilization by cattle (CA- vs CA+) did not modify total earthworm 256 

abundance, biomass, diversity indexes (Table 3) but modified the earthworm community structure 257 

as abundance of Lumbricus anecic was significantly higher in grazed pastures by cattle with a low 258 

herbage utilization (CA-) than in the high herbage utilization (CA+; 3.0 times, Table 3). Similarly, 259 

abundance of endogeic earthworms tended to be lower in grazed pastures by cattle with a low 260 

herbage utilization (CA-) than in the high herbage utilization (CA+; 1.8 times, Table 3). 261 
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 Grazing animal species (SH-, CA-) did not modify total earthworm abundance, biomass, 262 

diversity indexes and no effect was observed on the functional structure (Table 3). Moreover, 263 

earthworm community structure was not modified between grazed pastures by sheep or cattle (SH- 264 

vs CA-, Fig. 2). Interestingly, earthworm community structure was significantly different between 265 

grazed pasture by sheep at a low level of herbage utilization (SH-) and by cattle at a high level of 266 

herbage utilization (CA+, Fig. 2) mainly because of the decrease, by at least 6.7 times, of A. rosea 267 

abundance in grazed pasture by cattle at a high level of herbage utilization (CA+, Supplementary 268 

Table S1). 269 

 270 

4. Discussion 271 

Our study is based on observations of plant and earthworm communities after 14 year of different 272 

applications of grassland practices. The absence of initial (T0) earthworm distribution data could 273 

be considered as a limitation of our study; however, consistent management of the entire site for 274 

30 years prior to the experiment and the randomized plot arrangement within the four blocks help 275 

mitigate this by isolating long-term grassland management effects from other variabilities, 276 

including the original earthworm distribution. 277 

 278 

4.1 Earthworm abundance in comparison to other lowland grasslands  279 

 In the present study, mean earthworm abundance and biomass were 214.1 ± 18 ind. m-² in 280 

managed grassland, 107.8 ± 22 ind. m-² in abandoned grassland, much less than those observed in 281 

previous lowland studies [41–43]. For example, Didden et al. [44] observed a mean earthworm 282 

abundance of 384 ind. m-² among 20 Dutch lowland grasslands. Similarly, Cluzeau et al. [21] 283 
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observed a mean earthworm abundance of 350 ind. m-² among 47 French lowland grasslands. The 284 

low abundance found in our study could be related to unfavourable soil habitat properties for 285 

earthworms [45,46]. The high percentage of stones in the soil (13.5 %) may have hindered 286 

movement or food sources in the soil for earthworms. Moreover the sand dominance in the soil 287 

(51.9 %) and the relatively shallow soil depth (60 cm at some points) may have restricted the 288 

capacity of soils to hold water leading to an unfavourable habitat for earthworms [47,45,48,36].  289 

Also, a few studies reported that an increase of altitude led to decreased earthworm abundance [49–290 

52] as a result of a decrease in productivity and harsh environmental conditions. Given this, the 291 

880 m a.s.l. elevation of the study site may also have hindered the development of earthworm 292 

communities, in particular epigeic earthworms, as surface species are more sensitive to climatic 293 

hazards. Nonetheless, we found 2 to 5 earthworm species for each ecological category and a mean 294 

earthworm richness of 7.6 ± 0.2 m-² in managed grasslands and 5.8 ± 0.4 m-² in abandoned 295 

grasslands, which is similar in magnitude to that found in previous studies of lowland grasslands 296 

[16,42]. For example, [44] observed a mean earthworm richness of 2.1 species m-2 in Dutch 297 

lowland grasslands while [21] observed a mean earthworm richness of 9.6 species m-2 in French 298 

lowland grasslands.  299 

 300 

4.2 Herbage management maintained plant and earthworm richness 301 

 After 14 years of different types of management, we demonstrated that plant richness 302 

decreased under abandonment compared to managed grasslands. In line with these findings, several 303 

studies observed such decreases after the abandonment of grasslands [53,54,32,55–57] and could 304 

be explained by higher competition for light which promotes tall plant species at the expense of 305 
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shorter ones, which disappear. Moreover, our study highlighted that plant litter cover was the 306 

highest in abandoned grasslands which is often associated with a thick layer of plant litter [57] that 307 

could inhibit seedling recruitment and thus reduce the number of plant species [57,58]. Among 308 

managed grasslands, plant species richness tends to increase with the level of herbage utilization 309 

under grazing and mowing, as such practices could lead to the opening of gaps for the establishment 310 

of many fast-growing and short plant species in the lower layers of the sward [59,60].  CWM-EL 311 

gradually increased with the intensity of herbage utilization which meant that more light was 312 

gradually available in managed grasslands, allowing many light-demanding species to coexist, 313 

resulting in greater species richness [61,62,8,63]. In addition, the highest species richness in mowed 314 

grassland could result not only from a regularly cut sward but from the lower fertile status derived 315 

from this management practice, as exportation of forage over 14 years was not compensated by 316 

nutrient inputs. Indeed, mown grasslands have the lowest average CWM-EN value and an even 317 

higher CWM-LDMC value, and numerous studies have highlighted the greater plant richness of 318 

poor grasslands compared to rich grasslands [64,8,65]. 319 

 After 14 years of different type of herbage management by grazing or mowing, we 320 

demonstrated that earthworm richness was higher in all managed grasslands compared to 321 

abandoned grassland, mainly due to the presence of L. rubellus rubellus and L. centralis and in 322 

some extent to endogeic earthworms. Unlike other earthworm ecological categories, Lumbricus 323 

anecic earthworms feed mainly on fresh surface plant-derived materials that they bury into their 324 

permanent vertical galleries [66,39], and are the most sensitive to the physical and chemical 325 

properties of fresh plant-derived materials [67–69]. In line with our findings, Hoeffner et al. [18] 326 

observed, under controlled conditions, that among two grassland plant species, L. rubellus rubellus 327 
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and L. centralis lose mass in the presence of Holcus lanatus while they maintain their mass with 328 

Lolium perenne, probably due to the higher C/N ratio and phenolic compounds in litter of the 329 

former. Thus, the highest earthworm richness observed in managed grassland (grazed or mown) 330 

could be explained by changes in plant-derived materials’ quality following modifications of the 331 

plant communities. The absence of significant difference of CWM-LDMC, which is negatively 332 

correlated to forage digestibility [34], among abandoned and managed grasslands (except in CA+), 333 

suggests that the digestibility of the forage does not influence earthworm. Different species of 334 

Lumbricus anecic earthworms could, in return, modify soil functioning, as for example, [18] 335 

observed that gallery fungal communities were specific to each Lumbricus anecic species, implying 336 

that these earthworms could specifically affect the dynamics of carbon or nutrient regulation. To a 337 

lesser extent, we also observed that herbage management increased the presence of A. chlorotica 338 

chlorotica and A. rosea, although current knowledge does not allow us to provide an explanation 339 

of any underlying reasons.  340 

 341 

4.3 Herbage management increased earthworm abundance, biomass and changed earthworm 342 

community structure 343 

After 14 years of different types of herbage management, including both grazing and mowing, our 344 

results intriguingly deviated from our original hypothesis. We observed lower value in 345 

abandonment only and higher earthworm biomass and, to some degree, earthworm abundance 346 

across all management regimes, without any significant differences between these regimes, 347 

contrary to what we had initially anticipated. In our study, higher total abundance and biomass 348 

observed in managed grasslands was mainly due to Aporrectodea anecic earthworms and to some 349 
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extent to endogeic earthworms. In other words, anecic Lumbricus anecic in addition to epigeic 350 

species did not significantly profit from any management, in terms of biomass and abundance, in 351 

comparison to abandonment. Mowing seems even unfavorable for both groups and also for single 352 

species. This result fits with both groups feeding on litter from the soil surface, which is strongly 353 

reduced by mowing, but also by other management practices. Contrary to others earthworm 354 

ecological categories, Aporrectodea anecic and endogeic earthworms feed preferentially on aged 355 

plant-derived materials within the soil with a large vertical or horizontal burrow network. Thus, the 356 

positive effects of herbage management on Aporrectodea anecic and endogeic earthworms measured 357 

in our study could be related to changes in the availability of plant-derived materials or their foraging 358 

capacity through changes in root structure. An increase of Aporrectodea anecic abundance is 359 

expected to have a strong impact on soil functioning, especially on water infiltration and circulation 360 

within the soil [74–76]. In relation to the morphology of their burrow networks, Aporrectodea 361 

anecic earthworms allow a lower water infiltration rate than Lumbricus anecic earthworms [77]; 362 

however, under saturated conditions, Aporrectodea anecic earthworms are the most efficient for 363 

water flow within the soil, due to higher burrow volume and higher openings at soil surface [74,75]. 364 

Moreover, our study demonstrated that compared to mowed grassland, animal presence increased 365 

epigeic and to some extent Lumbricus anecic abundance. These findings are consistent with 366 

previous studies and could be explained by the supply of food for earthworms through animal 367 

excreta, unlike mowed grassland where plant above ground biomass is exported [26,28] and leads, 368 

with time, to a decline of nutrient availability, that could explain low CWM-EN nitrogen values. 369 

Animal faeces return organic matter to the soil and become a source of food for epigeic and 370 

Lumbricus anecic earthworms [78,26,79], which are closely associated with the soil surface where 371 
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they feed on fresh plant-derived materials [80,18,81]. Nevertheless, the positive effects of grazing 372 

on earthworm communities reaches its limits when there is an excessive stocking rate, beyond 373 

which trampling becomes detrimental to earthworm communities [22]. In our study, this 374 

detrimental effect was in part observed for Lumbricus anecic species. Unlike other ecological 375 

categories, animal trampling can be detrimental to the permanent burrows of the Lumbricus anecic 376 

earthworms [82,83]. We also observed that among endogeic earthworms, the abundance of 377 

Octolasion cyaneum decreased sharply in grazing treatments. This species, because of its proximity 378 

to the soil surface [37], its weak musculature that does not allow it to resist soil compaction and its 379 

relatively large size [37] appears more vulnerable to trampling. 380 

 Finally, earthworm communities were not altered by the grazing of sheep or cattle, which 381 

means that the feeding behaviour of these two grazing animals and the quantity and quality of their 382 

faeces had no effect on earthworm communities. It is likely that the level of utilization management 383 

appears to be the main driver of the change in plant community structure and biomass, so that when 384 

compared, CA- and SH- at low level of utilization, the grazing species effect cannot be revealed. 385 

 386 

5. Conclusion 387 

 Our study showed that the increase in grassland herbage management led to a gradually 388 

increase in plant diversity. Faced with this gradient in grassland herbage management, the 389 

characteristics of the environment also evolved towards an environment with less plant litter, small 390 

plant species with more leguminous plants, to nutrient-poor when mowing without inputs. As a result, 391 

grassland herbage management, regardless of intensity and type (mowed or grazed), modified the 392 

earthworm communities and maintained at similar higher value earthworm biomass and richness 393 
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compared to abandonment. Grassland management practices have also specifically impacted the 394 

structure of earthworm communities particularly within anecic, and to a lesser extent within 395 

endogeic, earthworms. 396 
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TABLES  652 

Table 1. Mean ± standard deviation of the characteristics measured in fine soil: silt (%), clay (%), 653 

sand (%), nitrogen (g. kg-1), organic matter (%), pH (H20), or in bulk soil: stones (%), bulk density 654 

(g. kg-1), for the four experimental blocks (0 – 40 cm depth, from the 2012 campaign). 655 

    Blocks  Treatments 
    B1 B2 B3 B4 F P   F P 
Silt   29.3ᵃ ± 0.3 26.9ᵃᵇ ± 1.0 24.9ᵇ ± 1.0 24.3ᵇ ± 1.1 6.94 0.006   1.55 0.249 
Clay   18.7ᵇ ± 0.5 19.4ᵇ ± 0.7 26.6ᵃ ± 1.0 22.3ᵇ ± 1.5 14.87 <0.001   1.47 0.271 
Sand   52.0ᵃ ± 0.5 53.8ᵃ ± 1.4 48.6ᵃ ± 2.0 53.4ᵃ ± 2.5 1.92 0.180   1.30 0.330 
Nitrogen   3.4ᵃ ± 0.1 3.1ᵃᵇ ± 0.2 2.8ᵇᶜ ± 0.0 2.6ᶜ ± 0.1 13.09 <0.001   2.60 0.089 
Organic matter   6.4ᵃ ± 0.2 5.9ᵃ ± 0.3 5.1ᵇ ± 0.0 4.7ᵇ ± 0.1 14.95 <0.001   1.38 0.300 
pH   6.04ᵃ ± 0.06 5.89ᵃ ± 0.07 6.40ᵇ ± 0.03 6.32ᵇ ± 0.02 38.88 <0.001   3.96 0.028 
Stones   12.9ᵃ ± 0.8 13.1ᵃ ± 1.5 11.8ᵃ ± 1.1 16.6ᵃ ± 1.2 0.174 0.948   2.37 0.121 
Bulk density   1.15ᶜ ± 0.03 1.23ᵇᶜ ± 0.03 1.26ᵃᵇ ± 0.02 1.35ᵃ ± 0.02 10.99 <0.001   0.88 0.503 
 656 
 657 
  658 
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Table 2. Mean ± standard deviation of plant species richness (species m-2), percentage of plant 659 

litter cover (%), percentage of leguminous plant cover (%), CWM-LDMC (g dry mass g water-660 

saturated fresh mass-1), CWM-RPH (cm), CWM-EL and CWM-EN indicator value under the five 661 

treatments (n = 12): Abandonment (AB), low grazing by sheep (SH-), low grazing by cattle (CA-662 

), high grazing by cattle (CA+) and mowing (MO). Different letters denote significant differences 663 

between treatments with a > b > c (Tukey post-hoc test). F-values and associated P-values are 664 

indicated. 665 

 666 

    Treatments Blocks 

    AB SH- CA- CA+ MO F P   F P 

Species richness   7.8c ± 0.7 11.3bc ± 0.7 11.9b ± 1.3 14.0ab ± 0.7 17.0a ± 0.9 14.2 <0.001 0.4 0.737 
Plant litter (%)   66.7ᵃ ± 4.4 35.0b ± 3.9 39.9b ± 4.7 9.6c ± 2.5 14.3c ± 1.9 42.2 <0.001 1.8 0.156 
Leguminous plant (%) 0.4c ± 0.2 1.3c ± 0.7 2.1bc ± 0.8 10.3a ± 2.5 6.1ab ± 2.1 9.6 <0.001 0.7 0.569 
CWM LDMC   0.26a ± 0.01 0.28a ± 0.01 0.27a ± 0.01 0.23b ± 0.01 0.26a ± 0.01 11.1 <0.001 2.9 0.046 
CWM RPH   89.1ab ± 1.1 90.4a ± 3.0 88.6ab ± 3.2 79.3bc ± 4.5 73.5c ± 2.9 6.7 <0.001 4.6 0.006 
CWM EL   6.4c ± 0.1 6.8b ± 0.1 6.8b ± 0.1 7.3a ± 0.0 7.1a ± 0.1 20.4 <0.001 10.1 0.003 
CWM EN    7.7a ± 0.2 6.1b ± 0.2 6.2b ± 0.2 6.1b ± 0.1 5.5c ± 0.11 32.5 <0.001 1.4 0.306 

 667 

 668 

 669 
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Table 3. Mean (± standard deviation) earthworm abundance (individuals m-2), fresh biomass (g m-2) and diversity (m-2) under the five 670 

treatments (n = 12): Abandonment (AB), low grazing by sheep (SH-), low grazing by cattle (CA-), high grazing by cattle (CA+) and 671 

mowing (MO). Different letters denote significant differences between treatments with a > b (Tukey post-hoc test). F-values and 672 

associated P-values are indicated. 673 

      Treatments   Blocks 
    AB SH- CA- CA+ MO F P   F P 
Abundance Total   107.8b ± 22 241.4a ± 40 241.2a ± 46 161.0ab ± 23 212.8a ± 25 4.2  0.005   3.3 0.027 

Epigeic    4.3ab ± 2 8.1a ± 2 10.7a ± 4 6.9ab ± 4 1.2b ± 0.4 4.2 0.005   3.0 0.039 
Lumbricus anecic   14.2ab ± 5 16.8ab ± 4 25.0a ± 4 8.2b ± 3 7.8b ± 2 3.0 0.028   2.0 0.135 
Aporrectodea anecic   15.1b ± 5 47.4a ± 10 39.3a ± 5 51.3a ± 6 49.5a ± 6 9.6 <0.001   1.9 0.145 
Endogeic   74.3a ± 19 169.2a ± 33 166.2a ± 44 94.7a ± 18 154.3a ± 23 7.41 0.050   4.63 0.201 

                          
Biomass Total   60.8b ± 15 118.7a ± 10 132.4a ± 17 115.0a ± 10 125.5a ± 15 6.6  <0.001   2.1 0.112 

Epigeic   0.4 ± 0.2 0.7 ± 0.2 1.2 ± 0.5 0.9 ± 0.5 0.1 ± 0.1 Na Na   Na Na 
Lumbricus anecic   13.7a ± 7 15.6a ± 4 19.8a ± 5 6.4a ± 1 10.1a ± 2 1.2 0.304   1.3 0.278 
Aporrectodea anecic   23.1b ± 9 62.9a ± 5 67.0a ± 9 84.1a ± 8 69.4a ± 13 10.1 <0.001   1.1 0.376 
Endogeic   23.7a ± 6 39.5a ± 7 44.4a ± 11 23.6a ± 4 45.8a ± 7 2.4 0.060   1.6 0.239 

                          
Diversity Species richness   5.8b ± 0.4 7.6a ± 0.4 7.8a ± 0.4 7.6a ± 0.5 7.4a ± 0.4 4.5 0.004   3.0 0.420 

 674 

 675 
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FIGURES 676 

Fig 1. Non-metric multidimensional scaling ordinations showing similarities, based on Bray-Curtis 677 

distance index, of plant communities under five treatments (n = 12): Abandonment (AB), low 678 

grazing by sheep (SH-), low grazing by cattle (CA-), high grazing by cattle (CA+) and mowing 679 

(MO). Significant dissimilarities between modalities were assessed by PERMANOVA. Pseudo-F-680 

values and associated P-values is indicated. 681 

 682 

 683 

  684 

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 

-1
.0

 
-0

.5
 

0.
0 

0.
5 

1.
0 

NMDS1 

N
M

D
S2

 

Agrostis capillaris 

Alopecurus pratensis 

Cerastium fontanum 

Elymus repens 

Festuca arundinacea.ssp.arundinacea 
Galium aparine

Hypochoeris radicata 
Lolium perenne

Taraxacum officinale agg
Trifolium repens 

Trisetum flavescens 

Urtica dioïca 

AB 
CA- 

CA+ 
MO 

SH- 

Stress = 0.18 
Treatment Pseudo-F = 9.64 
Treatment P-value = 0.001 

Bloc Pseudo-F = 5.00 
Bloc P-value = 0.001 



 
 
 

31 
 
 

Fig 2. Non-metric multidimensional scaling ordinations showing similarities, based on Bray-Curtis 685 

distance index, of earthworm communities under five treatments (n = 12): Abandonment (AB), low 686 

grazing by sheep (SH-), low grazing by cattle (CA-), high grazing by cattle (CA+) and mowing 687 

(MO). Significant dissimilarities between modalities were assessed by PERMANOVA. Pseudo-F-688 

values and associated P-values is indicated.  689 
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