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A B S T R A C T

Although not widely used, ecosystem engineers represent a promising and sustainable tool in nature-based
ecosystem management and restoration. In grassland ecosystems, a few invertebrates that engineer soils have
been identified as key species regulating soil nutrients and plant communities' diversity and dynamics. Here, we
assessed the role of the harvester ant Messor barbarus, an ecological engineer, in a Mediterranean dry grassland
under restoration by characterising its nest environment, particularly the soil and vegetation. We found pro-
found differences in soil physical and chemical variables and plant community structure between nests and ant-
free patches in the restored grassland. Messor barbarus has improved soil fertility, driven the seed bank towards
the reference grassland and significantly increased plant biomass, species richness and micro-local-hetero-
geneity. As biological filters, M. barbarus has driven plant communities towards a new trajectory in the restored
site. Ant patches are characterised by mesotrophic species, whereas ant-free patches are dominated by species
characteristic of compacted soils. They have accelerated the ecological recovery of Mediterranean dry grassland
plants by directly and indirectly facilitating their re-establishment. These results illustrate the potential key role
of ants as ecological engineers for the conservation and restoration of Mediterranean grasslands.

1. Introduction

The well-known effects of ecosystem engineers make them parti-
cularly useful in achieving conservation or restoration targets: mana-
ging one or a few species can influence community diversity and/or
ecosystem functioning. Although still not widely used, ecosystem en-
gineers represent a promising and sustainable tool in nature-based
ecosystem management and restoration (Bergen et al., 2001). Terres-
trial ecosystem engineers (Jones et al., 1997) play important roles in
controlling major ecological functions, such as the dynamics of soil
organic matter, mineral nutrients and biological population regulation
(Wills and Landis, 2018). These organisms directly or indirectly mod-
ulate the availability of resources to other species, by causing physical
state changes in biotic and abiotic materials (Jones et al., 1997), and
can contribute to the resilience of ecosystems after disturbances
(Peterson et al., 1998). They are expected to accelerate ecological re-
covery by reinstating ecosystem functions after species declines
(Manning et al., 2015) and by facilitating the re-establishment of other
threatened species.

In grassland ecosystems, a few invertebrates that engineer soils,
such as ants or earthworms, have been identified as key species reg-
ulating soil nutrients and plant community diversity and dynamics
(Eisenhauer et al., 2009; Wills and Landis, 2018). These organisms
build organomineral structures with specific physical, chemical and
microbiological properties (Jouquet et al., 2006), engineered patches
often therefore considered as “islets” because of their uncommon di-
versity and quantity of soil organisms and plants (Lavelle et al., 1997).

Ants are “bioturbator agents” influencing soil structure through the
production of galleries and the translocation of soil aggregates (Bottinelli
et al., 2015; Cammeraat and Risch, 2008). They not only change soil phy-
sical and chemical properties such as soil water, nutrient content, pH (Farji-
Brener and Werenkraut, 2015; Folgarait, 1998; Frouz and Jilková, 2008),
but also affect plant communities (Azcárate and Peco, 2006; Christian,
2001). In terrestrial ecosystems, ants are considered a seed disperser (Wills
and Landis, 2018). They also transport seeds to good establishment sites
(Hanzawa et al., 1988), reduce seed predation (Ness and Morin, 2008) and
competition with the parent plant. In the Mediterranean region, species
from the Messor genius are key in many ecological functions such as soil
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structuration or seed dispersal in dry grasslands (Azcárate and Peco, 2007;
Bulot et al., 2016). Although they may decrease seed germination by direct
predation (Schöning et al., 2004), they also play a key dispersal role when
they lose seeds in suitable conditions for germination on the way to the nest
(Wolff and Debussche, 1999) or when they deposit them in refuse piles,
increasing seedlings recruitment (Azcárate and Peco, 2007). This seed dis-
persal that is not mediated by any particular seed structure is known as
diszoochory (Arnan et al., 2010). Among Messor species, M. barbarus is
probably the most common and numerically dominant in western Medi-
terranean grasslands (Lebas et al., 2016). Messor barbarus is a polymorphic
species living in monogynous colonies of about 8000 individuals (Cerdan,
1989). It builds nests composed of a dense network of galleries and inter-
connected chambers that can reach five meters deep. Usually, colonies
reach a stable size at approximately the age of five (Gordon, 1995). Messor
barbarus makes permanent and temporary trails with length ranges from 1
to 30 m (Cerdan, 1989). Previous studies reported their roles on seed re-
distribution, with in particular an increase in seed density and seed bank
species richness in the refuse piles located on the top of the nest (Azcárate
and Peco, 2007; Bulot et al., 2016). Other studies reported their roles in
changes of soil physical and chemical properties (Azcárate and Peco, 2007;
Martín-Perea et al., 2019), especially with an increase in nutrient content,
especially potassium, organic matter and pH. As such, referring to Jones
et al. (1994), M. barbarus can be considered as an ecosystem engineer in
Mediterranean grasslands.

Mediterranean dry grasslands are primary targets of conservation
and ecological restoration programs (Buisson and Dutoit, 2006;
Janišová et al., 2011). Indeed, considered as biodiversity hot spots, they
have been not only reduced in area but also in habitat quality and
biodiversity since the 20th century changes in land use (Saunders et al.,
1991). Considering their key function, harvester ants may be good
ecological engineer candidates to restore grassland vegetation and soil,
two ecosystem components key to successful ecological restoration
(Ruiz-Jaen and Aide, 2005; Wortley et al., 2013). Ants are used as bio-
indicators for the evaluation of restoration success (Andersen et al.,
2002; Fagan et al., 2010), or are the target of the restoration (Gibb and
Cunningham, 2013) but their biological engineering potential to restore
degraded grasslands has not been exploited yet.

The objective of our study was to evaluate the role of an ecosystem
engineer in the restoration of an ecosystem after its degradation. In 2009,
5.5 ha of the plain of La Crau (south-eastern France; Appendix A), a natural
reserve, was heavily polluted by an oil leak. Two years later, after the ex-
cavation and removal of all the polluted soil, 72,000 tons of a similar soil
were transferred from a nearby active quarry already expanding before the
accident (Appendix A) (see Bulot et al., 2014b). This highly valuable
grassland (Devaux et al., 1983) has been sharply reduced in its area from
50,000 to 11,500 ha since the 1960s (Buisson and Dutoit, 2006). This
ecosystem is a priority habitat under the EU habitats Directive (EUNIS,
2020).

Seven years after soil replacement, we assessed the role of the harvester
ant M. barbarus in the restored site, and in the surrounding unaltered dry
grassland by characterising soil physico-chemical variables and soil seed
banks on the top of the nest, and plant communities in the nest environment
compared to grassland off the nest. We specifically hypothesised that M.
barbarus has (1) modified soil texture by increasing coarse sand content; (2)
increased soil chemical parameters (such as available phosphorus, organic
carbon and ammonium); (3) increased soil seed bank density and species
richness, and (4) increased plant species richness, cover, dissimilarity index
and biomass, towards the reference steppe.

2. Materials & methods

2.1. Study area

The dry grassland of the plain of la Crau in south-eastern France
(43°33′N, 4°52′E) is considered a “steppe” ecosystem of the
Mediterranean basin's rangelands (Devaux et al., 1983; Le Houérou,

2001). Climate is Mediterranean with a 15 °C mean annual tempera-
ture. Mean annual precipitation is 400 mm to 600 mm falling in spring
and autumn. A strong north-westerly cold wind called “Mistral”,
blowing at> 50 km.h−1 for 110 days.year−1, induces the dryness of
the ecosystem (Devaux et al., 1983). The topography is flat, with si-
liceous stones covering>50% of the soil surface. An impermeable
calcareous conglomerate situated 40 cm below the surface makes the
alluvial water table inaccessible and contributes, with the strong wind
and low precipitations, to soil drought (Molliex et al., 2013). Over the
past several thousand years, itinerant sheep-grazing and prescribed
fires have been used for the traditional exploitation of the steppe
(Buisson and Dutoit, 2006; Devaux et al., 1983). The plant community
is composed of annuals and forbs and is dominated by Brachypodium
retusum (Pers.) P. Beauv. and Thymus vulgaris L. Two Messor species co-
occur on the site (M. barbarus and M. bouvieri; personal observation),
but M. barbarus is by far the most abundant.

2.2. Experimental design

We selected two study sites, the restored site-a formerly oil de-
graded site- and a surrounding unaltered dry grassland. At both sites,
we randomly selected 10 of the largest M. barbarus nests. The selected
nests corresponded to class 4 of the Blanco-Moreno et al. (2014) five
levels scale. This scale is based on a combination of surface area oc-
cupied by the colony, number of entrances, and ant size and behaviour
(class 4: nests covering 2–4 m2 with 3–4 entrances). No class 5 were
observed. Taking ant nest size as a proxy of colony age (Tschinkel,
2005), the colonies selected can be assumed to be the first established
in the restored site six months after the soil restoration. At both sites,
we also defined 10 ant-free patches of 4 m2 with no signs of ant activity
(nests, refuse piles or tracks). To avoid any border effects from colony
activities, ant-free patches were located at least 5 m away from the
selected nests.

We could not set up a before-after experimental design because M.
barbarus nest location is unpredictable. Indeed, after their nuptial flight
in autumn, mated queens land randomly. At a fine scale, nest location is
strongly influenced by the proximity to long-established colonies
(Blanco-Moreno et al., 2014) and not by soil properties (e.g. organic
carbon, soil strength or aggregate distribution) (Baraibar et al., 2011),
leading to a regular or random distribution (Blanco-Moreno et al.,
2014). We assumed that if differences were recorded between ant
patches and ant-free patches, they were the results of the engineering
activity of M. barbarus.

2.3. Soil variables

We measured, in the first two centimetres of soil both from ant-free
patches and under ant refuse piles in February 2018, a set of variables
known to strongly influence vegetation (Cano-Ortiz et al., 2014). Part of
the soil was frozen for nitrate and ammonium analysis. The rest of the
sample was dried and sieved (2 mm sieve) prior to assessing the fol-
lowing without decarbonisation according to standard international
methods (Baize, 2018): physico-chemical properties (organic C (organic
carbon), total nitrogen, P2O5 (available phosphorus) (Olsen et al.,
1954), CaO, MgO, K2O, pH(KCl), CEC (Cation Exchange Capacity), C:N
ratio, total organic matter) and sizes of fine particles (clay
(< 0.002 mm), fine silt (0.002–0.02 mm), coarse silt (0.02–0.05 mm),
fine sand (0.05–0.2 mm), coarse sand (0.2–2 mm)).

2.4. Seed bank

We collected 100 cm3 of the first centimetres of soil under the refuse
piles and from the ant-free patches in October 2017. The 40 samples
generated (20 from the reference site and 20 from the restored site)
were spread on a substrate composed of 1:3 compost-vermiculite mix in
germination seed trays (30 cm × 45 cm). All samples were randomly
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placed in a greenhouse for five months from October 2017 to March
2018, with soil moisture kept constant. Germinant seedlings were re-
moved as soon as they were identified to species using Mamarot (2002).
Data collected were number of species and number of seedlings.

2.5. Plant community analyses

We sampled plant communities in 2 m × 2 m (4 m2) quadrats
placed on each the twenty selected nests (ant patches) and twenty ant-
free patches in May 2018. In each quadrat, the abundance of each plant
species was defined using a modified Braun-Blanquet scale (Braun-
Blanquet et al., 1952) as follows: 0.2 = represented by a single in-
dividual in the 4 m2 quadrat, 1 = covering<5%, 2 = covering be-
tween 5% and 25%, 3 = covering between 26% and 50%, 4 = covering
between 51% and 75% and finally 5 = covering> 75%. We visually
estimated the percentage of vegetation cover in the same 4 m2 quadrat
(Jaunatre et al., 2014).

The micro-local heterogeneity generated by M. barbarus activities
around the nest (soil excavated by ants and deposited at the surface
above ant hills, surrounding refuse piles, ant trails (very clean paths),
seed collection by ants, etc.) was assessed by placing three quadrats of
10 cm × 10 cm (0.01 m2) in each 4 m2 quadrat. In the ant patches, in
order to take into account vegetation micro-patterns created by M.
barbarus, we placed the three quadrats as follows: one on the “green
belt” (dense vegetation belt located on the previous year's refuse pile
where there is a very high density of seedlings), one on the “soil turned
over” (top of nest where the soil is heavily disturbed) and one in an area
bearing none of these traces of M. barbarus activity. In the ant-free
patches, we randomly placed three 0.01 m2 quadrats in each 4 m2

quadrat and counted all plants therein in May 2018, when most of the
seedlings could be identified. Then for each of the 40 patches, a micro-
local heterogeneity index based on the average of three Bray-Curtis
index distances – a dissimilarity index varying between 0 and 1: 0 for
similar communities and 1 for distinct communities – was calculated
between the three 0.01 m2 quadrats.

Finally, we measured above-ground plant biomass in
50 cm × 50 cm (0.25 m2) quadrats placed on the “green belt” in the ant
patches and randomly in the ant-free patches. In each quadrat, we cut
the vegetation at ground level during the productivity peak in June
2018. Each sample was then oven-dried at 40 °C up to constant weight.

2.6. Nest density

We estimated M. barbarus nest densities in autumn 2017 by
counting the number of nests in six quadrats of 400 m2 randomly dis-
tributed at both sites.

2.7. Statistical analyses

Prior to statistical analysis, all data distributions were examined
using the Shapiro–Wilk test of normality. When data were not normally
distributed, they were log-transformed. GLMs with Gaussian distribu-
tion were computed to study patch type and site effects and their in-
teraction on soil physico-chemical variables, seed bank (seed density
and species richness) and plant community characteristics (species
richness, vegetation cover, micro-local heterogeneity and above-ground
plant biomass). A GLM with gamma distribution was applied to eval-
uate patch type and site effects and their interaction on soil variables
that violated the assumption of a normal distribution. Models were
followed by Tukey HSD post-hoc tests using the package “multcomp”
(Hothorn et al., 2016). Significance thresholds for post hoc analyses
were set at P < 0.05. For both site, effect sizes - the Cohen's d index
with 95% confidence intervals for each variable (Cohen, 1992) - were
calculated using the package “effsize” (Torchiano, 2019). The magni-
tude is assessed using the scale provided by Cohen (1992) as follow:
|d| < 0.2 “negligible”, |d| < 0.5 “small”, |d| < 0.8 “medium”,

|d| > 0.8 “large”. A positive Cohen's d indicates a higher value of the
response variable in ant patches than in ant-free patches.

Changes in seed bank composition were visualised via Non-metric
Multidimensional Scaling (NMDS) based on the Bray-Curtis dissim-
ilarity index to ordinate the characteristics of plant communities
(composition and abundance). Differences in seed bank composition
were tested by permutation multivariate analysis using the Adonis
function.

A redundancy analysis (RDA) was performed to evaluate the influ-
ence of six physico-chemical soil variables on plant community com-
position. From a preliminary RDA analysis including the 19 soil vari-
ables measured, the six variables contributing most to the RDA axes
were selected. RDA and NMDS analyses and illustrations were per-
formed using the package “vegan” (Oksanen et al., 2016).

A Generalized Linear Model (GLM) with quasi-Poisson distribution
was used to compare nest densities between the reference steppe and
the restored site. All statistical analyses were performed using the R
software version 1.0.44 (R Development Core Team, 2011).

3. Results

3.1. Soil variables

In the restored site, clay and coarse sand content were respectively
lower and higher in the ant patches than in the ant-free patches (re-
spectively: z = −6.76, P < 0.001; z = 4.89, P < 0.001; Appendix B).
We found a large negative effect size of ants on clay content (Cohen's
d = −2.66 ± 1.29) and a large positive effect size on coarse sand
content (Cohen's d = 2.88 ± 1.34) (Appendix C). In the reference
steppe, we found no significant differences in fine particles between ant
and ant-free patches (Appendix B). No significant difference was found
in fine silt, coarse silt and fine sand content at either site (Appendix B).

In the restored site, CEC, pH(KCl), K2O, MgO, CaO and total ni-
trogen content were significantly higher in ant patches than in ant-free
patches (Appendix B) with a large positive effect size (Appendix C). In
the reference steppe, there were no significant differences in these
variables, except for the C:N ratio, which was significantly higher in ant
than in ant-free patches. In both sites, ammonium, nitrate, available
phosphorus, organic carbon content and total organic matter (Appendix
B) were significantly higher in ant patches with a large positive effect
size (Appendix C).

3.2. Seed bank

The NMDS ordination (stress = 0.18) discriminated on axis 1 the
restored site seed banks from those of the reference steppe (Fig. 1). In
the restored site, seed bank composition and abundance differed be-
tween soil under refuse piles and from ant-free patches (P < 0.01). Soil
samples collected under refuse piles were characterised by Crepis sancta
(L.) Bornm., Lobularia maritima (L.) Desv. and Logfia gallica (L.) Cross. &
Germ., whereas the ant-free patches were characterised by species like
Erodium cicutarium (L.) L'Hér. and Filago pygmea L. (Fig. 1). In contrast,
the reference steppe seed banks of ant and ant-free patches were not
discriminated by NMDS ordination (P = .13); both were characterised
by species such as Brachypodium distachyon (L.) P.Beauv., Lysimachia
linum-stellatum L. or Linum trigynum L. The composition of the seed bank
in the restored site ant patches was significantly different from the
compositions in the three other modalities (P < 0.01; Fig. 1).

Both species richness and density were significantly lower in seed
banks from ant-free patches in the restored site than from the three
other modalities, which did not differ significantly from each other
(Table 1). In the restored site, we found a large positive effect size of
ants on both species richness (Cohen's d = 2.59 ± 1.27) and density
(Cohen's d = 1.14 ± 1.01) (Appendix C).
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3.3. Plant community characteristics

At a scale of 4 m2 in the restored site, ant patches had significantly
higher plant species richness than ant-free patches (z = −3.06,

P = 0.02; Cohen's d = 1.21 ± 1.02) (Table 1; Appendix C). In the
reference steppe, there were no significant differences between ant and
ant-free patches (z = −1.91, P = 0.2) (Table 1). There was no sig-
nificant inter-site difference in plant species richness for either ant

Fig. 1. Non-metric multidimensional scaling
(stress = 0.18) performed on the seed bank of the
first centimetres of soil (100 cm3) under the refuse
piles and in the ant-free patches. The 10 samples of
each treatment are grouped in polygons, with dashed
lines for the restored site (ant-free patches in light
grey and soil under refuse piles in dark grey) and full
lines for the reference steppe (ant-free patches in
light grey and soil under refuse piles in dark grey).
Dots represent the 40 patches and crosses represent
the spatial location of each species. For clarity, only
the plant species most correlated to the two first axes
are shown.

Table 1
Effects of ants, site and their interaction on seed bank variables and plant community variables. Values are means± standard errors; F value and P value were
obtained from GLM with Gaussian distribution. Two values in the same row with a different letter are significantly different according to Tukey post-hoc tests.
Significance thresholds were set at a risk of 5%.

F P-value Restored site Reference steppe

Ant-free patches Ant patches Ant-free patches Ant patches

Seed bank variables
Species richness 9.4 ± 0.8

a
17.6 ± 1.1

b
16.5 ± 1.1

b
14.7 ± 1.1

bAnts 9.09 0.005
Site 3.92 0.06
Ants × site 22.20 < 0.001

Density (log(dm3)) 6.1 ± 0.3
a

7 ± 0.1
b

7.4 ± 0.1
b

7.5 ± 0.2
bAnts 7.75 0.009

Site 22.82 < 0.001
Ants × site 4.75 0.04

Plant community variables
Specific richness (4 m2) 39 ± 1.8

a
45.1 ± 1.3

b
36.9 ± 0.9

a
40.7 ± 1.4

abAnts 12.36 0.001
Site 5.33 0.03
Ants × site 0.67 0.42

Vegetation cover (%) (4 m2) 57 ± 4.9
a

65.5 ± 2.6
ab

69.5 ± 1.9
b

74 ± 2.9
bAnts 4.35 0.04

Site 11.36 0.002
Ants × site 0.41 0.53

Micro-heterogeneity (0.01 m2) 0.63 ± 0.03
a

0.80 ± 0.02
b

0.68 ± 0.03
a

0.71 ± 0.02
abAnts 15.91 < 0.001

Site 0.51 0.48
Ants × site 7.23 0.008

Plant biomass (log(g)) (0.25 m2) 1.1 ± 0.1
a

3.0 ± 0.2
b

2.3 ± 0.1
c

3.2 ± 0.1
bAnts 128.85 < 0.001

Site 33.08 < 0.001
Ants × site 18.00 < 0.001
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(z = −2.21, P = 0.1) or ant-free patches (z = −1.05, P = 0.7)
(Table 1).

We found no significant difference in vegetation cover between ant
and ant-free patches within either site (restored site: z = 1.93, P = 0.2;
reference steppe: z = 1.02, P = 0.7) (Table 1). Similarly, we found no
significant difference in vegetation cover between restored site and
reference steppe ant patches (P = 0.2). However, vegetation cover was
significantly lower in restored site ant-free patches than in reference
steppe ant-free patches (z = 2.84, P = 0.02) and ant patches (z = 3.86,
P < 0.001).

At a scale of 0.01 m2, the interaction term between patch type and
sites was significant for the Bray-Curtis distance (Table 1). In the re-
stored site, vegetation heterogeneity was higher in ant patches
(P < 0.001; Cohen's d = 1.27 ± 0.57) (Table 1; Appendix C). By
contrast, the reference steppe showed no significant differences be-
tween ant and ant-free patches (z = 0.92, P = 0.8). We found no
significant difference in micro-local heterogeneity between the two
sites ant patches (z = −2.4, P = 0.08) (Table 1).

At a scale of 0.25 m2, the interaction term between patch type and
sites was significant for plant biomass (Table 1). In both sites, plant
biomass was significantly higher in ant patches (Table 1) with a large
positive effect size (Appendix C). We found no significant difference in
plant biomass between the two sites' ant patches (z = 1.07, P = 0.7).

3.4. Soil influence on plant communities

The variation in plant community composition was significantly
explained by the first two RDA axes. The first axis (69% explained,
F = 20.78, P < 0.001) was correlated with soil chemical properties pH
(KCl) and K2O content (Fig. 2). These variables discriminated the ty-
pical plant community of the reference steppe, dominated by grasses
(e.g. B. distachyon, B. retusum, Anisantha rubens (L.) Nevski), from the
plant community of the compacted soils of the restored site (e.g. Filago
pygmea L., Trifolium subterraneum L.). The second axis (11% explained,
F = 3.31, P < 0.001) discriminated clay content from all the other

chemical variables. These variables discriminated plant communities of
the restored site ant patches, characterised by more nitrophilous and
ruderal species (e.g. Hordeum murinum L., Medicago rigidula (L.) All.,
Medicago truncatula Gaertn., Onopordum Illyricum L.), from those of the
restored site ant-free patches.

3.5. Nest density

In autumn 2017, nest density was significantly higher in the re-
stored site (263 ± 34.ha−1) than in the surrounding reference steppe
(167 ± 19.ha−1) (t = −2.53, P = 0.03).

4. Discussion

4.1. Ants in the restored site

Seven years after soil restoration, we found strong differences be-
tween ant and ant-free patches for both soil physical and chemical, and
plant community. We recorded higher soil nutrients, seed bank richness
and density, plant community richness, plant biomass, and hetero-
geneity in ant patches highlighting the potential role of M. barbarus in
recovering Mediterranean dry grassland. Nest densities quantified in
both sites were consistent with the literature (Azcárate and Peco, 2003).
In seven years, the M. barbarus population has reached high densities
and even exceed those of the reference site, which is promising in terms
of restoration. Nevertheless, we can expect a decrease in nest density, in
the mid-term, due to intraspecific competition (Cushman et al., 1988).

4.1.1. Effects on the soil compartment
The strong impact of M. barbarus on the soil compartment supports

our first hypothesis that ants, by their engineer's roles, modified soil
quality in the restored site. Messor barbarus increased the quantity of
coarse sand and decreased the amount of clays in the engineered pat-
ches, which may have significantly affected the plant community be-
cause changes in soil physical properties can facilitate the

Fig. 2. Redundancy analysis (RDA) showing the ve-
getation composition correlations with the following
soil variables: proportion of clay, pH(KCl), K2O, CaO,
total nitrogen, P2O5, total organic carbon and MgO.
The 10 samples of each treatment were grouped in
polygons, with dashed lines for the restored site (ant-
free patches in light grey and ant patches in dark
grey) and full lines for the reference steppe (ant-free
patches in light grey and ant patches in dark grey).
Dots represent the 40 patches and crosses represent
the spatial location of each species. For clarity, only
the plant species most correlated to the two first axes
are shown.

T. De Almeida, et al. Biological Conservation 245 (2020) 108547

5



establishment of plants in a restored site (Li et al., 2010).
Changes we recorded in texture, pH, organic matter and nutrient

content (organic C, total nitrogen, N-NH4, N-NO3, P2O5, CaO, MgO,
K2O, CEC and C:N ratio) suggest a soil fertility enhancement by Messor
barbarus colonies. Both diet and habitat type determine the magnitude
of enrichment in ant-engineered patches, granivorous ants contributing
more to soil fertility than omnivorous species (Farji-Brener and
Werenkraut, 2017). In dry grasslands, harvester ants' nests increase
nutrient concentration (MacMahon et al., 2000), probably because of
the accumulation of seed debris, ant corpses and other residues of
harvester ant activity in refuse piles (MacMahon et al., 2000; Wills and
Landis, 2018). In both studied sites, ants had a significant positive
impact on ammonium and nitrate content, likely through production of
metabolic residues or decomposition of the organic matter accumulated
in M. barbarus refuse piles. This increases nitrogen content, including
the different forms available to plants as ammonium and nitrate
(Azcárate and Peco, 2007).

4.1.2. Effects on vegetation
Messor barbarus colonies drove seed bank and plant communities

towards the reference grassland ecosystem. In the restored site, higher
species richness and seed density were recorded in ant patches than in
ant-free patches. Seed-harvesting ants play an important role in seed
dispersal (Wills and Landis, 2018), particularly in dry ecosystems,
where they are present in high densities (MacMahon et al., 2000; Wills
and Landis, 2018). Seed-dispersal mutualisms influence seedling re-
cruitment, population dynamics, species distribution, plant-community
composition and gene flow (Christian, 2001; Nathan and Muller-
Landau, 2000). Only seven years after the establishment of colonies, the
seed bank composition of restored site ant patches resembled the re-
ference steppe seed bank more than the ant-free seed banks did. Thus,
species such as Galium sp. and Vulpia sp., naturally present in the re-
ference steppe, were found in ant patches but not in ant-free patches at
the restored site.

Two non-exclusive hypotheses may explain this higher similarity
between the ant patch seed banks of the restored site and those of the
reference site. First, harvester ants retrieve seeds from the environment
and lose, abandon or reject some of them in refuse piles (MacMahon
et al., 2000; Sánchez et al., 2006; Bulot et al., 2016). Workers of M.
barbarus are known to prospect over a mean distance of 30 m (Cerdan,
1989), but foraging tracks of> 50 m have been observed (personal
observation). Several studied nests were located< 50 m from the re-
ference steppe, so workers may have prospected in the reference steppe.
Second, the nest itself may have acted as a passive trap for seeds due to
its coarse texture and/or its height (Brown et al., 2012). Contrary to the
reference steppe, with stone cover of> 50% of the total surface area,
the restored site contains very few pebbles. This area being relatively
flat, large nests 10 cm high contribute to the micro-relief, which might
be sufficient to trap wind-transported seeds.

Messor barbarus colonies also modified plant communities. They
changed community composition and increased plant biomass, species
richness and micro-local heterogeneity. As discussed above, the higher
proportions of ammonium, nitrates and available phosphorus recorded
in ant patches may explain our results. This is consistent with recent
findings from meta-analysis that plant biomass and fitness can some-
times be higher in ant nest soils (Farji-Brener and Werenkraut, 2017),
probably because of increased nutrients, including ammonium (Lafleur
et al., 2005). In grasslands, small-scale disturbances created by eco-
system engineers, such as ant nests and badger mounds, can play a
significant role in maintaining species richness and spatial hetero-
geneity (Platt, 1975), and may contribute to species diversity in re-
stored grasslands that lack the diversity of the native ecosystem (Lane
and BassiriRad, 2005).

4.2. Ants in the reference ecosystem

Interestingly, M. barbarus impacts were more significant in the re-
stored site than in the reference steppe. Two explanations appear ten-
able. First, the role of ecological engineers like M. barbarus is context-
dependent and less pronounced in natural or semi-natural ecosystems.
Second, because M. barbarus has inhabited the reference steppe for
thousands of years, a large part of, or even the entire, reference steppe
may already have been engineered by M. barbarus, including our ant-
free patches. In some cases, changes in the quality of the organic matter
within anthills have been detected 20 years after colony disappearance
(Kristiansen and Amelung, 2001). For nests built by Formica montana
and Acanthamyops claviger, nutritional differences between mound and
surrounding soils were high eight years after site restoration and dis-
appeared after 26 years (Lane and BassiriRad, 2005). Here, the re-
ference steppe soil may have retained “memory” of the ants' en-
gineering after nest abandonment, making their impacts at the patch
scale less detectable. This suggests that where engineers have occupied
the entire habitat in natural and semi-natural ecosystems, their impacts
are expressed at a large scale (Jones et al., 1997).

4.3. Implications in grassland restoration

The soil parameters condition the presence of plant populations and
communities (Ehrenfeld et al., 2005). In the restored site, the main
drivers of the plant community change are the MgO, organic C and P2O5

content; essential elements for plant survival and growth (Gurevitch
et al., 2002). In western Mediterranean grasslands, changes in their
amount may benefit or disadvantage some species (Cano-Ortiz et al.,
2014). Although M. barbarus has changed the trajectory of plant com-
munities, differences were still significant between the restored site and
the reference steppe. The reference plant community was mainly
composed of oligotrophic species such as B. distachyon, whereas ant
patches in the restored site were characterised by more mesotrophic
species such as H. murinum or O. illyricum. Through nest soil mod-
ification, ants can act as a biological filter promoting or impeding plant
species according to their ecological traits. For example, Lasius flavus
provides suitable habitat conditions for the establishment of plant
species adapted to poor organic nutrient availability (Ehrle et al.,
2019).

The mesotrophic species established in the restored site ant patches
only represented part of the species pool present in the seed bank. After
nest abandonment (around 10 years), nutrients may well decrease in
the soil, allowing steppe plant species such as Galium sp. and Vulpia sp.,
present in the ant patches' seed bank, to establish populations. This may
in turn reduce differences in plant community composition between
restored site and reference ecosystem. Monitoring these ant patches
after nest abandonment would help to assess the dynamics of their long-
term impact and its final implications for the restoration of
Mediterranean grasslands.

Interactions between individuals or populations are the basis of the
rules for assembling species (Lortie et al., 2004) and play one of the
major roles in the functioning and evolution of ecosystems. Given their
involvement in many ecological processes such as seed dispersal or soil
functioning (nutrient recycling), ant disappearance is a key issue for
ecosystem conservation and restoration. Although noMessor species are
endangered in South-Western Europe, they can locally disappear be-
cause of a pollution such as in La Crau or following the invasion of
invasive species (Blight et al., 2014), with major ecological con-
sequences (e.g. Gómez and Oliveras, 2003). Disappearance of key ant
species can lead to severe consequences for plants both at a population
(Rodriguez-Cabal et al., 2012) and community level (Christian, 2001).
In South African shrublands, the disruption of native ant communities
by the invasive Argentine ant leads to a disproportionate reduction in
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the densities of large-seeded plants (Christian, 2001). The preservation
of mutualistic interactions involving ants is therefore essential for
conserving and restoring natural communities.

5. Conclusion

Since the soil restoration in 2011, M. barbarus has improved the soil
fertility, driving the seed bank towards the reference grassland and
significantly increasing plant biomass, species richness and micro-local-
heterogeneity. They have accelerated the ecological recovery of
Mediterranean dry grasslands plants by directly and indirectly facil-
itating their re-establishment. These results highlight the potential key
role of harvester ants as ecological engineers for the conservation and
management of these ecosystems. Thus, the recolonization of these
habitats by M. barbarus seems to be necessary for their restoration. In
the case, where it could not naturally colonize (e.g. a site distant from a
source population), its reintroduction already tested (Bulot et al.,
2014a) can be a valuable tool in ecosystem restoration.
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