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Refuse pile turnover by harvester ants (Hymenoptera: Formicidae) increases seed 
density and seedling species richness in dry grasslands 
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Abstract 

Messor barbarus (LINNAEUS, 1767) ants are Mediterranean region seed predators. However, transported seeds can be 
found rejected in refuse piles around their nests, making this ant a seed dispersal agent. This raises the following ques-
tions: Do refuse piles affect seed distribution? Do their small-scale seed composition, richness, and density in autumn and 
winter differ from those of areas without refuse piles? Are there differences in the vegetation found the following spring 
in refuse piles that have survived the winter or on sites where they have been destroyed, compared with control areas with-
out refuse piles? In a Mediterranean steppe, we measured autumn and winter seed banks in a greenhouse, both in refuse 
piles and in controls. The following spring, in situ seedlings from refuse piles, from refuse piles artificially destroyed 
(sieved) in winter, and from controls without refuse piles were recorded. Seedling species richness and density were 
significantly higher in autumn in refuse piles than in controls. Nevertheless, no increased seedling contribution from 
the transient seed bank was detected in the winter refuse piles. The following spring, natural persistent refuse piles showed 
no seedlings. However, seedling species richness and density were significantly higher in places where refuse piles had 
been sieved before in winter. The construction of refuse piles by M. barbarus locally concentrates seed density and 
seed species richness; for the first time, a positive impact on seedlings is observed in places where refuse piles were 
sieved before winter and the potential bias of this methodology must be now compared with actions of natural agents 
(surface runoff) that destroyed refuse piles in winter. 
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Introduction 

The mutualistic relationships that ants maintain with plants 
through seed dispersal have led to ants being recognized 
as keystone species (GILBERT 1980, GOVE & al. 2007). 
They are even considered to be the major invertebrate seed 
dispersers in terrestrial ecosystems (STILES 1980). Sensu 
lato, seed dispersal by ants is an active process defined 
by the term "myrmecochory" (SERNANDER 1906, HOWE 
&  SMALLWOOD  1982). Some plants even develop a nutri-
tious appendage on their seeds, which means they can be 
dispersed specifically by ants (SERNANDER 1906, BOND 
&  SLINGSBY 1984, BEATTIE &  HUGHES 2002, YOUNG-
STEADT & al. 2009). Other plants may be spread by dys-
zoochory, where harvester ants forget or accidentally drop 
small amounts of non-elaiosome seeds during their foraging 
activity (HOBBS 1985, RISSING 1986, ARNAN & al. 2010). 

Harvester ants can be found in a variety of regions in-
cluding arid, semi-arid, and tropical areas and in various 
habitats (BROWN & al. 1979, MORTON &  DAVIDSON 1988, 
JOHNSON 2001). They can have strong direct and indirect 
effects on regeneration and on population densities of plants 
(BROWN &  HUMAN 1997, DEFALCO & al. 2009, ARNAN 
& al. 2012). Harvester ants play a particularly important 
role in the Mediterranean basin, where the genus Messor 
is the most abundant granivorous ant species (DÍAZ 1991, 
CERDÁ &  RETANA 1994, AZCÁRATE &  PECO 2007). 

Because harvester ants are voracious seed predators, a 
large proportion of the seeds produced is destroyed by 
their consumption (ANDERSEN &  ASHTON 1985, DETRAIN 
&  PASTEELS 2000, SCHÖNING & al. 2004). Nevertheless, 
some authors maintain that if the number of available seeds 
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of a species is higher than the number of suitable sites for 
establishment, high seed predation does not necessarily 
imply limitations on the establishment of new individuals 
(ANDERSEN 1989, ERIKSSON &  EHRLÉN 1992). Moreover, 
one indirect advantage could be the favoring of uneaten 
plant species through decreased competition with eaten 
species. In addition, rare events can compensate for dam-
age caused by predation: Ants can lose, abandon, or reject 
a few seeds on their foraging trails (DETRAIN & TASSE 
2000) or in the refuse piles around their nest (RISSING 
1986, LEVEY &  BYRNE 1993, VORSTER & al. 1994, DE-
TRAIN &  TASSE 2000, RETANA & al. 2004, AZCÁRATE &  
PECO 2007). The displaced seeds can then be dispersed over 
great distances in microsites favorable to the recruitment 
of seedlings (DEAN &  YEATON 1992, VORSTER & al. 
1994, ARNAN & al. 2010). Workers of the genus Messor are 
known to forage tens of meters from their nest (DETRAIN 
& al. 2000, RETANA & al. 2004, ARNAN & al. 2010, PLOWES 
& al. 2013). These seeds are also spared competition with 
the parent plant, seed predators and pathogens (BENTLEY 
1977, HOWE &  SMALLWOOD  1982). It is refuse piles that 
frequently contain a high abundance of viable seeds col-
lected in a 30 m radius forage area (CERDAN 1989), de-
posited or rejected in error by worker ants (MAC MAHON & 
al. 2000) or after a final selection carried out inside the nest 
(MAJER &  LAMONT 1985, DETRAIN &  PASTEELS 2000). 

Although dry grasslands are hot spots of biodiversity 
(WEIHER &  KEDDY 1999, WILLEMS 2001, POSCHOLD &  
WALLISDEVRIES 2002, ALARD &  POUDEVIGNE 2002, GIB-
SON 2009), their area, habitat quality and biodiversity have 
already been shown to have decreased drastically (DZWON-
KO &  LOSTER 1998, LEE & al. 2001, ADRIAENS & al. 2006, 
DUTOIT & al. 2013), mainly due to 20th century changes 
in land use (grazing abandonment, cultivation, etc.) (SAUN-
DERS & al. 1991). This is particularly true of Mediterra-
nean grasslands, strongly in need of conservation and eco-
logical restoration (TRABA 2003, BONET 2004, BUISSON 
&  DUTOIT 2006, JANIŠOVÁ 2011). However, implementing 
measures for ecological restoration requires a fuller under-
standing of an ecosystem's functioning and of its plants 
and animals, some of which can be used as "ecosystem 
engineers" to assist in the restoration of biodiversity after 
degradation (JONES 1997, FOLGARAIT 1998). Assessing seed 
dispersal by ants in particular may also help to understand 
the process of plant species assemblage in dry grasslands, 
with a view to preserving species. 

Previous work has already revealed that ants, and es-
pecially the genus Messor, have an extensive impact on 
Mediterranean vegetation, including through the construc-
tion of refuse piles (LÓPEZ & al. 1993, DETRAIN &  TASSE 
2000, SÁNCHEZ & al. 2006, AZCÁRATE & PECO 2007). 
For example, although the density and species richness of 
the viable seed bank were found to be significantly higher 
in autumn in refuse piles of Messor barbarus ants than in 
soil samples without refuse piles, in the following spring, 
seedling species richness from seeds present in the surviv-
ing refuse piles was significantly lower than in surround-
ing areas (AZCÁRATE &  PECO 2007). Thus, to date, no 
significant positive effect of ants on small-scale spatial 
vegetation redistribution in dry grasslands via refuse pile 
construction has been clearly demonstrated. Moreover, while 
soil fertility has been found to increase in refuse piles, es-
pecially through changes in texture, pH, organic material       

 

 

Fig. 1: Location of the plain of La Crau in south-eastern 
France and the study site (black star) in the National Na-
ture Reserve outlined in dark grey. 
 
and nutrient content (P, N, K), refuse piles can also have 
negative effects on seed viability and emergence due to 
the extensive accumulation of soil and plant material in 
a small area (AZCÁRATE &  PECO 2007). However, refuse 
piles have both temporal and spatial dynamics. In the French 
Mediterranean region, their size is at its maximum in au-
tumn and most of them disappear naturally as a result of 
weathering over the winter (A. Bulot, unpubl.). This natu-
ral destruction of refuse piles in autumn and winter could 
play a role in increased seedling emergence following a 
phase of seed concentration in the former refuse piles. As 
a consequence, seedling regeneration needs to be assessed 
not only in refuse piles themselves but also on former re-
fuse pile sites. 

The objectives of this paper will thus be to analyze the 
effects of Messor barbarus on small-scale seed distribu-
tion and seedling emergence in Mediterranean dry grass-
land. Our hypotheses are that: (1) Refuse piles have a sig-
nificant impact on seed composition and significantly in-
crease species richness and seed density in autumn and 
winter relative to the same quantities of soil without refuse 
piles, (2) where refuse piles have been artificially destroyed 
during winter, plant species richness and density signifi-
cantly increase the following spring and (3) refuse piles 
maintained throughout winter significantly increase the 
number of seedlings, no doubt by creating environmental 
conditions favorable to the preservation of seeds (accumu-
lation of organic dry matter, protection against predation 
and parasites, etc.). 

Materials and methods 
Study site 

The plain of La Crau is a Mediterranean grassland located 
in south-eastern France (Bouches-du-Rhône), about 70 km 
west of Marseille (43° 30' 57.11'' N, 4° 52' 21.72'' E) 
(Fig. 1). This plain is considered as a "steppe" ecosystem 
and is typical of the rangelands of the Mediterranean basin 
(LE HOUÉROU 2001). Siliceous pebbles, washed down from 
the Alps, cover more than 50% of the soil surface, which 
has an extremely flat topography. An impermeable con-     
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Fig. 2: Schema of the experimental design. (a) In autumn 
2012 forty refuse piles of Messor barbarus georeferenced 
in the plain of La Crau: September to December 2012, 
ten 70 cm3 samples from these refuse piles placed with ten 
70 cm3 soil samples without refuse piles for seed bank 
analyses, ten refuse piles removed with sieving, ten refuse 
piles protected with mosquito netting, and ten refuse piles 
were untouched. (b) April 2013 seedling analyses realized 
in the steppe where the refuse piles were sieved or un-
touched in autumn. (c) May to June, ten 70 cm3 samples 
taken from the refuse piles protected in autumn, with ten 
70 cm3 soil samples without refuse piles for seed bank ana-
lyses. 
 
glomerate of pebbles in a matrix of calcium carbonate 40 
- 60 cm deep in the soil prevents plant root systems from 
reaching the water table (MOLLIEX & al. 2013). The Medi-
terranean climate is dry, with strong sunshine throughout 
the year (DEVAUX & al. 1983). Interacting effects of a shal-
low soil, a warm Mediterranean climate and the actions of 
living beings, such as centuries of itinerant sheep grazing 
(HENRY & al. 2010), have structured this species-rich plant 
community. The vegetation is composed of 50% annual 
species which germinate in autumn, overwinter as seedlings 
and grow in spring, flowering from March to May or in 
September (BOURRELLY & al. 1983). Plant cover ranges 
from 50% to 80% of the soil surface. On average, 30 to 
40 plant species per square meter, with a maximum of 70 
plant species per square meter, can be observed (RÖMER-
MANN & al. 2005). This xeric vegetation is composed main-
ly of stress-tolerant annual species, but perennial species 
such as Brachypodium retusum (PERS.) P. BEAUV. (Poa-
ceae) and Thymus vulgaris L. (Lamiaceae), structure the 
plant community by their cover. The other most charac-
teristic plant species are Asphodelus ayardii JAHAND . &  
MAIRE (Xanthorrhoeaceae), Linum gallicum L. (Linaceae) 
and Stipa capillata L. (Poaceae) (MOLINIER &  TALLON 
1950, DEVAUX & al. 1983, BUISSON &  DUTOIT 2006). 

Biological model 

Messor barbarus (LINNAEUS, 1767) (Hymenoptera: Formi-
cidae) is a granivorous ant species whose impact on seed 
dispersal and consumption has already been studied in the 

Mediterranean Basin (DETRAIN &  TASSE 2000, AZCÁRATE 
&  PECO 2007, BARAIBAR &  al. 2011). Messor barbarus is 
the main granivorous ant species in the plain of La Crau 
(CERDAN 1989, CERDAN & al. 1990). This harvester spe-
cies occurs naturally in the steppe ecosystem, as it does 
throughout the north-western area of the Mediterranean 
Basin (BERNARD 1968). In the plain of La Crau, its density 
is relatively high, with 60 to 80 nests per hectare (CER-
DAN 1989). Messor barbarus is a harvester ant which pre-
dates 5% to 20% of the total steppe seed production, and 
the seeds of 63% of the typical phanerogams of this steppe 
are collected and transported by this ant (CERDAN & al. 
1990). The high polymorphism of the worker ants means 
they can transport a large variety of seeds: They have been 
found to carry from 0.2 mg to 60 mg (DETRAIN & al. 
1996), with a maximum of almost 96 mg already meas-
ured in Spain (HENSEN 2002), over a distance of as much 
as 30 metres. As observed in Spain, seeds may thus be dis-
carded, lost or ejected (DETRAIN &  TASSE 2000, AZCÁ-
RATE &  PECO 2007), while conserving their capacity for 
germination (BONTE & al. 2003). Some of these uneaten 
seeds are found in refuse piles located near ant nest en-
trances (RISSING 1986, ANDERSEN 1988, LEVEY &  BYRNE 
1993, DETRAIN &  TASSE 2000, BONTE & al. 2003, AZCÁ-
RATE &  PECO 2007, MARTÍNEZ-DURO & al. 2010). Messor 
barbarus was identified using the determination key in 
LEBAS (2014). 

Experimental design 

Autumn seed bank sampling: In late summer (September 
2012), thus after peak seed production in Mediterranean 
dry grasslands (BOURRELLY & al. 1983) but before seed 
germination and the wet season, a total of forty refuse piles 
were sampled upon encounter at their maximum size on a 
site representative of the plain of La Crau, "Le Coussoul 
de Figuières" (≈ 8 ha, 43° 30' 52.17" N, 4° 52' 21.80" E). 
Of these forty refuse piles, we sampled the organic mate-
rial and the first centimeter of the mineral soil measured 
with a centimeter ruler in ten refuse piles on 10 × 10 cm 
quadrats, i.e., much smaller than the minimum size of all 
the selected refuse piles. To ensure that both destroyed and 
intact refuse piles would be found the following spring, 
ten other refuse piles were randomly selected and sieved 
with a 2 mm mesh, to mimic natural winter destruction by 
removing fine organic and soil material; ten further refuse 
piles were covered with mosquito netting to protect them 
against natural destruction (surface runoff) during winter. 
We chose this approach because it was impossible to predict 
in autumn 2012 how many and which refuse piles would 
be destroyed during winter 2012 - 2013. 

In the sieved refuse piles, seeds larger than 2 mm were 
collected in the sieve and replaced in the area formerly 
occupied by the refuse piles. Thus, only the dry matter ac-
cumulated in the refuse piles was removed. The last ten 
refuse piles were left undisturbed (Fig. 2a). To ensure that 
the refuse piles were near different nests, we selected nests 
spaced at least 10 m apart, as a nest can be four meters in 
diameter in the plain of La Crau (CERDAN 1989). 

Simultaneously, the first soil centimeters from ten ran-
domly distributed 10 × 10 cm areas with no refuse piles, 
ant nests or other signs of former ant activities were col-
lected (control) (Fig. 2a). For each of the 20 soil samples 
(sites with and without refuse piles) collected during this 
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period, a volume of 70 cm3, the minimum volume col-
lected in one sample, was spread on a substrate composed 
of a 1 : 4 compost-vermiculite mix in germination boxes 
measuring 30 cm × 45 cm, without sieving. They were 
placed to germinate according to the concentrated seedling 
emergence method (TER HEERDT & al. 1996). All samples 
were randomly placed in a greenhouse for three months 
from September to December 2012 with no control of 
temperature and humidity. The samples were watered every 
day. They were then kept at 4°C for 15 days and subse-
quently returned to the greenhouse in January 2013, until 
no new germination was observed. In the greenhouse, ger-
minations were identified (MULLER 1978), counted, and 
removed each week to measure the number of viable seeds, 
species richness and composition of each sample. 

Spring seed bank sampling: In March 2013, the first 
soil centimeters were collected from 10 × 10 cm quadrats 
on the ten refuse piles protected by mosquito netting in 
autumn 2012. The same methodology was applied to ten 
quadrats (control) of 10 × 10 cm on randomly distributed 
steppe areas with no refuse piles, ant nets or other signs 
of ant activities. A volume of 70 cm3 of each soil sample 
was spread and placed to germinate using the method de-
scribed above (Fig. 2c). Identification of plant species was 
carried out using a determination key (TISON & al. 2009). 

Spring seedling analysis: In April 2013, when most 
seedlings are identifiable in the field, they were identified 
and counted on ten 10 × 10 cm quadrats from each of these 
sampling areas described above: (1) ten natural refuse piles 
chosen at random and which had neither been destroyed 
nor protected by mosquito netting during winter, (2) ten 
areas where the refuse piles had been sieved in autumn 
2012 and (3) ten areas (control) with no ant nests or refuse 
piles identified previously in 2012 (Fig. 2b). Vegetation 
and bare soil percent cover were visually estimated in each 
quadrat. Nevertheless, the opportunity to compare seedlings 
emergence in these non-expected naturally destroyed re-
fuse piles in comparison with the autumn sieved refuse 
piles was not taken in this study and then, it is not possible 
to exclude a potential experimental artifact of the sieving 
method in comparison with the natural winter destruction. 

Statistical analyses 

In order to compare species composition among treatments, 
multivariate analysis was used based on a similarity ma-
trix. Similarity analysis gives an overview of the relations 
among samples in terms of species abundance. Similarity 
among treatments was verified via multivariate similarity 
analysis (ANOSIM) (CLARKE &  GREEN 1988), based on 
the Bray-Curtis index (BRAY &  CURTIS 1957). ANOSIM 
analysis calculates the R statistic (degree of difference 
(0 ≤ R ≤1) between treatments, and the significance of R 
(p-value < 0.05). When the p-value is significant, the closer 
the R value is to 1, the more the treatments differ; and con-
versely, the closer the R value is to 0, the less the treat-
ments differ. Then, the contribution of species to mean simi-
larity was evaluated via SIMPER analysis (CLARKE 1993, 
CLARKE & WARWICK 2001). SIMPER analysis identifies 
the species contributing most strongly to patterns of simi-
larity among treatments. Moreover, the same matrix of 
similarity was ordinated using Non-metric Multi-Dimen-
sional Scaling (NMDS) based on the Bray-Curtis distance 
(BORCARD & al. 2011). The more similar two samples       

 

 
Fig. 3: Non-metric multidimensional scaling (NMDS) re-
alized on the seedling analyses of ten 70 cm3 samples from 
refuse piles and in ten 70 cm3 soil samples without refuse 
piles (control) in autumn 2012. The ten samples of each 
treatment are grouped with polygons. To clarify, only the 
plant species most highly correlated to the two first axes 
are literally inscribed. 
 
are in abundance, the closer they are to each other on the 
graph. A stress coefficient value of less than 0.1 means a 
good representation (FIELD & al. 1982). Data were square 
root transformed to reduce the effects of the most abun-
dant species. 

In order to compare species diversity among treatments, 
Shannon and Evenness indices of the distribution of spe-
cies were calculated. The Shannon index is zero when the 
population is represented by a single species and becomes 
maximum when the population is evenly distributed among 
all species. The Evenness index, based on the Shannon 
index, varies between 0 and 1. Its value is maximum when 
the population distribution is homogeneous among all spe-
cies and is minimal when one species dominates. The Even-
ness index indicates the level of diversity achieved by the 
theoretical maximum (PIELOU 1969). 

In order to compare seedling plant species richness, seed-
ling number, cover percentage of vegetation and bare soil 
and Shannon and Evenness indices among treatments, Stu-
dent-t tests were used when the data followed a normal 
law according to Lilliefors tests. When conditions were not 
normal, non-parametric Wilcoxon tests were used. The alpha 
level used in distinguishing between significant and not 
significant was 0.05. 

All statistical analyses were performed using the R soft-
ware version 2. 15. 2. (THE R FOUNDATION FOR STATIS-
TICAL COMPUTING 2012), with its packages for univariate 
analyses, and the additional packages ade4 (CHESSEL & 
al. 2004, DRAY &  DUFOUR 2007) and vegan (OKSANEN & 
al. 2013) for multivariate analyses. 

Results 

Autumn 2012 seed banks: Multivariate analyses based 
on the abundance data of 46 species separates the sam-
ples taken in the refuse piles from the controls, but they 
remain similar, as illustrated by the NMDS ordination  
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Tab. 1: Characteristics of the viable seed banks in autumn 2012 and spring 2013; and characteristics of the seedlings 
identified in the field in spring 2013: samples taken in refuse piles and in the controls. Values are means ± standard 
errors; df corresponds to the degrees of freedom; the t-value (t), the W-value (W), and the p-value (p) resulting from 
t tests or Wilcoxon tests to test the effect of each treatment on each variable. Within a row, two boxes with a different letter 
are significantly different (p-value < 0.05). 

 
with a stress coefficient of 0.18. The NMDS ordination 
also shows that floristic composition and plant population 
distribution are more homogeneous in the treatment with 
refuse piles than in the controls (Fig. 3). The ANOSIM 
analysis confirms this result between these two treatments 
with an R statistic of 0.58 (p = 0.001). Thus, while there 
is a difference between the samples taken from the refuse 
piles and controls, this difference is small. Concerning the 
contribution of species to mean similarity, the SIMPER 
analysis shows the major contributors to be Petrorhagia 
prolifera (L.) P.W. BALL &  HEYWOOD (Caryophyllaceae) 
(71.9%), Medicago monspeliaca (L.) TRAUTV. (Fabaceae) 
(69.3%), Trifolium scabrum L. (Fabaceae) (66.7%), Filago 
gallica L. (Poaceae) (64.1%), Crassula tillaea LEST.-
GARL. (Crassulaceae) (61.5%), Filago vulgaris LAM. (As-
teraceae) (58.3%), Sherardia arvensis L. (Rubiaceae) 
(54.4%), Poa bulbosa L. (Poaceae) (50.3%), Gallium pari-
siense L. (Rubiaceae) (46.0%), Brachypodium distachyon 
(L.) P. BEAUV. (Poaceae) (40.8%), Lobularia maritima 
(L.) DESV. (Brassicaceae) (34.0%), Bromus sp. (Poaceae) 
(26.9%) and Vulpia ciliata DUMORT. (Poaceae) (19.6%). 
The mean contribution of these 13 species is 51.1% (Ap-
pendix S1, as digital supplementary material to this arti-
cle, at the journal's web pages). 

In total, 1259 individuals germinated from the seed 
banks, representing a total of 49 species. A total of 925 
seedlings representing 36 species were identified in the 
refuse piles, while in the control samples only a total of 
334 seedlings representing 29 species were identified. 19 
species are present only in the refuse piles and 13 only in 
the control samples (Appendix S1). Mean seedling num-

ber is roughly three times higher in the samples taken in 
refuse piles than in the controls, and mean seedling species 
richness is roughly twice as high in this treatment. Shan-
non and Evenness indices are very low and not signifi-
cantly different (Tab. 1). 

In the samples, the abundance of five species is signifi-
cantly higher in the refuse piles than in the controls: Bro-
mus sp. (Poaceae), Filago vulgaris LAM . (Asteraceae), 
and Vulpia ciliata DUMORT (Poaceae) with a p-value of 
less than 0.001; Galium parisiense L. (Rubiaceae) with a 
p-value of less than 0.01; and Brachypodium distachyon 
(L.) P. BEAUV. (Poaceae) with a p-value of less than 0.05 
(Appendix S1). 

Spring 2013 seed banks: Very few seeds germinated 
in the samples from the refuse piles protected by mosquito 
netting, making statistical analysis impossible. Nine indi-
viduals germinated from the seed banks, representing a 
total of four species. Six seedlings representing one spe-
cies (Lobularia maritima (L.) DESV. (Brassicaceae) were 
only identified in the refuse piles protected during winter. 
In the controls, only three seedlings, representing three 
species (Amaranthus albus L. (Amaranthaceae), Crepis 
vesicaria L. (Asteraceae), Diplotaxis tenuifolia (L.) DC. 
(Brassicaeae), were identified (Tab. 1, Appendix S1). 

Spring 2013 field seedlings: No germination was iden-
tified in the few remaining refuse piles, whether protected 
by mosquito netting or not. Only one of the ten untouched 
refuse piles was still intact after the winter. A wider in-
vestigation of the steppe in spring 2013 revealed no fur-
ther untouched refuse piles intact. Most of the refuse piles 
were therefore destroyed during the winter. Nevertheless,  

 Autumn 2012 seedbanks Spring 2013 seedbanks Spring 2013 field seedling analyses 

 Student-t  
tests / 

Wilcoxon 

Refuse piles control Student-t 
tests / 

Wilcoxon 

Refuse piles control Student-t 
tests / 

Wilcoxon 

Sieved 
refuse piles 

control 

Total number 
of seedlings 

/ 925 334  / 6 3 / 362 216 

Mean 
number of 
seedlings 

W = 9000 
p < 0.01 

92.5 ± 6.22  
a 

33.3 ± 6.70  
b 

df = 17.66  
1t = -0.08  
p = 0.94 

1.0 ± 0.67  
ns 

1.05 ± 0.77 
ns 

df = 9.99  
t = -1.97  
p = 0.08 

36.2 ± 0.75 
ns 

21.6 ± 3.19 
ns 

Species 
richness 

df = 17.90  
t = 2.88 
p < 0.01 

12.9 ± 0.35  
a 

7.5 ± 0.35  
b 

W = 30111  
p = 0.11 

0.5 ± 0.26  
ns 

1.10 ± 0.44  
ns 

df = 13.99  
t = -3.84  
p < 0.01 

13.4 ± 0.29  
a 

8.3 ± 0.53  
b 

Shannon 
Index 

df = 12.17 
t = 0.91 
p = 0.38 

0.82 ± 0.02  
ns 

0.74 ± 0.04 
ns 

/ / / df = 13.34  
t = -3.64 
 p < 0.01 

1.15 ± 0.01  
a 

0.87 ± 0.03  
b 

Evenness 
Index 

df = 12.09  
1t =  -1.35 
p = 0.151 

0.32 ± 0.01  
ns 

0.37 ± 0.02 
ns 

/ / / W = 27  
p = 0.09 

0.45 ± 0.004 
ns 

0.41 ± 0.01 
ns 

Vegetation 
cover (%) 

/ / / / / / df = 12.93  
t = -2.66  
p < 0.05 

61.0 ± 4.25  
a 

34.0 ± 1.86  
b 

Bare soil (%) / / / / / / df = 12.93  
t = 3.48  
p < 0.01 

36.8 ± 3.98  
b 

70.5 ± 1.91  
a 
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Fig. 4: Non-metric multidimensional scaling (NMDS) re-
alized on the seedling analyses between the sieved refuse 
piles (light grey) and the control (dark grey) measured in 
the field in spring 2013. 
 
the opportunity to compare seedlings emergence in these 
non-expected naturally destroyed refuse piles in compari-
son with the autumn sieved refuse piles was not taken in 
this study and then, it is not possible to exclude a poten-
tial experimental artifact of the sieving method. 

Between the areas where the refuse piles were sieved 
and the control areas, multivariate analyses based on the 
abundance data of 50 species reveal high similarity (Ap-
pendix S1), as illustrated by the NMDS ordination with a 
stress coefficient of 0.23 (Fig. 4). The ANOSIM analysis 
confirms this result with an R statistic of 0.19 (p = 0.014). 
Concerning the contribution of species to mean similar-
ity, the SIMPER analysis shows the strongest contributors 
to be Filago gallica L. (Poaceae) (78.2%), Linum trigy-
num L. (Linaceae) (71.0%), Trifolium scabrum L. (Faba-
ceae) (40.0%), Gallium parisiense L. (Rubiaceae) (69.0%), 
Sideritis romana L. (Lamiaceae) (66.9%), Salvia verbe-
naca L. (Lamiaceae) (64.9%), Aegilops ovata L. (Poaceae) 
(62.8%), Bromus sp. (Poaceae) (60.5%), Brachypodium 
retusum (PERS.) P. BEAUV. (Poaceae) (58.1%), Trifolium 
subterraneum L. (Fabaceae) (55.5%), Sherardia arvensis 
L. (Rubiaceae) (52.8%), Ajuga iva (L.) SCHREB. (Lamiaceae) 
(49.9%), Hypochaeris glabra L. (Asteraceae) (46.9%), 
Evax pygmeae (L.) BROT. (Poaceae) (43.6%), Polycarpon 
tetraphyllum (L.) L. (Caryophyllaceae) (36.1%), Euphorbia 
exigua L. (Euphorbiaceae) (32.1%), Poa bulbosa L. (Poa-
ceae) (28.1%), Vulpia ciliata DUMORT. (Poaceae) (23.4%), 
Lobularia maritima (L.) DESV. (Brassicaceae) (18.6%), 
and Brachypodium distachyon (L.) P. BEAUV. (Poaceae) 
(13.5%). The mean contribution of these 20 species is 46.6% 
(Appendix S1). 

Plant percent cover is significantly higher in the sieved 
refuse pile areas compared with the control areas (Student-t 
test, df = 12, t = - 2.66, p < 0.05), while bare soil percent 
cover is significantly lower (Student-t test, df = 13, t = 
3.48, p < 0.01) (Tab. 1). 

In total, 578 individual seedlings were identified, re-
presenting 77 species. In the sieved refuse pile areas, 362 
seedlings representing 45 species were identified, with 18 
species identified only in this treatment. In the control areas, 

216 seedlings representing 32 species were identified, with 
five species present only in these quadrats. Seedling num-
bers and species richness are roughly twice as high in the 
sieved refuse piles as in the controls, but the mean number 
of seedlings does not significantly differ between these 
two treatments (Tab. 1, Appendix S1). 

The Shannon index is again very low but significantly 
different between the sieved refuse pile areas and the con-
trols, being significantly higher in the former (p-value < 
0.01). The Evenness index is also low but there is no sig-
nificant difference between the refuse piles and the con-
trols (p-value > 0.09) (Tab. 1). 

The abundance of five species is significantly higher in 
the sieved refuse pile areas than in the control areas: Poa 
bulbosa L. (Poaceae) with a p-value of less than 0.01; and 
Euphorbia exigua L. (Euphorbiaceae), Hedypnois cretica 
(L.) DUM. COURS. (Asteraceae), Lobularia maritima (L.) 
DESV. (Brassicaceae) and Polycarpon tetraphyllum (L.) L. 
(Caryophyllaceae) with a p-value of less than 0.05 (Appen-
dix S1). 

Discussion 

Despite being a voracious seed predator, Messor barbarus 
is often described as a good seed dispersal agent in the 
Mediterranean basin (CERDAN & al. 1990, DETRAIN & al. 
1996, DETRAIN &  TASSE 2000, SÁNCHEZ & al. 2006, AZ-
CARÁTE &  PECO 2007, PLOWES & al. 2013). Consequently, 
this ant could be a good partner in plant community restor-
ation under ecological engineering (BULOT & al. 2014a), 
since it appears to play a major role in the distribution of 
annual plant populations in Mediterranean dry grasslands 
(WOLFF &  DEBUSSCHE 1999). To confirm this seed dispers-
ing role, we assessed how the ants' refuse piles affect seed 
viability and dispersal in a Mediterranean dry grassland, 
taking into account their temporal dynamics over one year. 

Refuse piles are found here to have a significant im-
pact on seed composition and significantly increase species 
richness and seed density in autumn compared to soil ar-
eas of the same size without refuse piles. 73.5% of the 
total seedlings counted were in the refuse piles, which also 
contained 14.3% more species than the areas without refuse 
piles. Our initial results thus confirm that the accumulation 
of seeds is the major effect of refuse piles, in agreement 
with previous studies both on Messor barbarus (see AZCÁ-
RATE &  PECO 2007) and on other granivorous ants (HOBBS 
1985, RISSING 1986, LEVEY &  BYRNE 1993, MACMAHON 
& al. 2000). This is to be expected, given that autumn fol-
lows the period of peak seed production in Mediterranean 
dry grasslands (BOURRELLY & al. 1983), and subsequent 
to the peak of M. barbarus activity there must be a maxi-
mum of seeds in the refuse piles (CERDAN 1989). These 
rejected seeds obviously remain viable in refuse piles dur-
ing summer, since when placed in a greenhouse, many ger-
minate (AZCÁRATE &  PECO 2007). Besides protecting seeds 
against predators and pathogens (BENTLEY 1977, HOWE &  
SMALLWOOD  1982), refuse piles may offer a good micro-
environment enhancing the survival and the germination 
rate of seeds (RISSING 1986, LEVEY &  BYRNE 1993); AZ-
CÁRATE &  PECO (2007) showed that refuse piles can also 
increase soil fertility. 

The fact that we found seedlings to be relatively well 
distributed among species, with proportions similar among 
refuse piles, may explain the absence of significant differ-
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ences in species diversity. There was little difference in 
species composition between the refuse piles and the soil 
areas without refuse piles: thirteen most strongly contribut-
ing species accounted for 51.1% of mean similarity. How-
ever, species composition was more homogeneous in the 
refuse piles. A large quantity of Poaceae seeds was present 
in the refuse piles, for example Vulpia ciliata and Bromus 
sp., annuals producing many seeds. Seeds from these Poa-
ceae species were certainly present in high density over 
the ant foraging area. As Messor barbarus is a generalist 
granivorous species which harvests large quantities of seeds 
present in great abundance (DETRAIN & al. 1996), we as-
sume that the species composition reflects the activity of 
workers collecting, sorting and rejecting certain seeds (AZ-
CARÁTE &  PECO 2007). Thus, the significant differences 
in composition, species richness, and density we found 
between refuse piles and controls are likely due to the high 
concentrations in the refuse piles of seeds from the most 
abundant seed producers in the herbaceous plant commu-
nity, which are here: Vulpia ciliata, Lobularia maritima, 
Poa bulbosa, and Bromus sp. Another explanation could 
be seed selection by M. barbarus workers during foraging. 
The refuse piles have not only more seeds but also larger 
seeds (or larger fruits) than the controls (AZCARÁTE &  
PECO 2005). Consequently, small-seeded species, even when 
highly abundant seed producers, may escape predation by 
ants. 

Previous studies found very low seedling emergence on 
the persistent refuse piles (MARTÍNEZ-DURO & al. 2010), 
so it appeared interesting here to measure seedling emer-
gence after their autumn and winter natural destruction as 
we try to do with an artificial destruction of the refuse piles 
with sieving. In spring 2013, very few seedlings emerged 
from either the protected refuse piles or the controls. In 
the protected refuse piles, only two species were present: 
Lobularia maritima and Sanguisorba minor, both belong-
ing to the permanent seed bank (THOMPSON & al. 1997). 
Even though seed concentrations in refuse piles were high, 
no species with a transient seed bank were observed, de-
spite environmental conditions favorable to seed conserva-
tion (accumulation of organic dry matter, protection against 
predation and parasites, etc.). However, the organic dry 
matter of refuse piles began to degrade even under the mos-
quito netting, too thin to protect the seeds. The seedling 
emergence of species with a transient seed bank in this 
ecosystem is therefore not enhanced by ants constructing 
these refuse piles. 

We observed that the great majority of refuse piles did 
not survive the winter. The wet and windy conditions from 
autumn to spring documented for the plain of La Crau may 
therefore explain the marked deterioration of the refuse piles 
(DEVAUX  & al. 1983). For this reason, seedling analysis 
was conducted only on areas where the refuse piles had 
been artificially destroyed by sieving, imitating their na-
tural degradation as it was not possible to expect the natur-
al destruction or persistence of each marked refuse piles 
before the winter. In these sieved refuse piles, plant spe-
cies richness and seedling density were significantly higher 
in spring. 62.6% of the total seedlings were found in the 
sieved refuse piles, which contained 16.8% more species 
than the controls but these results were not compared to the 
total seedlings of naturally destroyed refuse piles which 
then cannot exclude an artifact from the sieving experi-

mental methodology. The biomass proxy provided by plant 
cover and bare soil cover indicates a higher vegetation den-
sity in the sieved refuse piles. These results are in contra-
diction to other studies, where seedling emergence was ex-
tremely low and species richness decreased in persistent 
refuse piles the following spring (AZCARÁTE &  PECO 2007, 
MARTÍNEZ-DURO & al. 2010). These authors sampled re-
fuse piles which had survived the winter: They make the 
assumption that seed germination was limited by the thick-
ness of the dry matter layer therein, so that seedling radi-
cles and / or hypocotyls could not reach the soil and / or the 
light needed to grow (AZCARÁTE &  PECO 2007, MARTÍNEZ-
DURO & al. 2010). In support of this hypothesis, an inhi-
bitory effect of litter on shoot emergence of small-seeded 
species was previously measured by SAYER (2005). We 
therefore conclude that when refuse piles are sieved, the 
dry matter layer becomes sufficiently thin to allow seed-
lings to emerge from the seeds deposited by ants in the re-
fuse piles. Species composition was similar between the 
sieved refuse piles and the controls. Indeed, both the di-
versity and the similarity indices show that all species were 
present in relatively the same abundance and in the same 
proportions in the replicates of all samples (sieved refuse 
piles and controls). 

Our findings shed light on the role of ants' refuse piles 
in spatial seed distribution at a local scale in Mediterrane-
an dry grasslands. In autumn, worker ants harvest a great 
number of seeds, especially those of the greatest seed-
producing species in the herbaceous plant community, which 
may then be discarded in refuse piles. Viable seeds are thus 
concentrated therein. They conserve their germination ca-
pacity, however, only during summer and early autumn, 
being protected against predators and pathogens (BENT-
LEY 1977, HOWE &  SMALLWOOD  1982). Moreover, the 
refuse piles can increase soil fertility (AZCARÁTE &  PECO 
2007) and may represent favorable microsites allowing 
seeds to pass through dispersal and abiotic filters (LORTIE 
& al. 2004). 

If the refuse piles have been artificially destroyed by 
sieving, the seeds can reach soil and light, germinate and 
grow, probably due to the absence or thinness of dry mat-
ter. As a consequence, future researches need to focus on 
the potential impact of this artificial method in compari-
son with the impacts of natural agents such as the surface 
runoff. In addition, the soil of naturally destroyed refuse 
piles provides a favorable microenvironment for the devel-
opment of seeds, as previous studies showed (WHITFORD 
1988, BEATTIE 1989, DEAN &  YEATON 1993, MACMAHON 
& al. 2000, AZCARÁTE &  PECO 2007). Previous studies 
also showed that the whole community may be subject to 
density-dependence regulation (GOLDBERG &  BARTON 1992, 
BERTNESS &  CALLAWAY 1994, GOLDBERG &  al. 2001, 
WHITE &  al. 2001, LORTIE &  TURKINGTON 2002). Higher 
initial seed density can cause lower rates of seedling emer-
gence (GOLDBERG &  BARTON 1992, LORTIE &  TURKING-
TON 2002). However, in our case, seed accumulation in 
refuse piles does not seem to diminish the number of seed-
lings, which was significantly higher than in the controls. 

Messor barbarus appears to be a seed dispersal agent 
in Mediterranean dry grasslands at a local scale. This har-
vester ant has a positive effect not only on seed distribu-
tion but also on seedling emergence when the ants' refuse 
piles were sieved in autumn. Thus, this ant could be a good 
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"ecosystem engineer" (JONES & al. 1997) to assist in re-
storation programs, provided that it promotes the desired 
species in a degraded area (BULOT & al. 2014b), even 
though the seed dispersal capacity of M. barbarus is lim-
ited by its 30 m radius foraging areas (CERDAN 1989). As 
the majority of refuse piles are naturally destroyed, artifi-
cial destruction of refuse piles by sieving does not appear 
to be necessary to improve vegetation restoration. More-
over, the impact should be intensified by the fact that the 
refuse piles have a relatively high percent cover (AZCARÁTE 
&  PECO 2003) and that their distribution changes yearly. 

Acknowledgements 

We thank the Société du Pipeline Sud-Est Européen, the 
Caisse des dépôts et Consignations, Biodiversité branch, 
the Conseil Général des Bouches-du-Rhône, the Région 
Provence-Alpes-Côte-d'Azur (PACA) and the Research 
Federation ECOREV for funding our work. We are grate-
ful to the Conservatoire des Espaces Naturels (PACA), 
the Chambre d'Agriculture PACA and the Réserve Natu-
relle Nationale des Coussouls de Crau for permission to 
carry out our study and for access to the site, as well as to 
the INRA institute (unité PSH Avignon) for the loan of 
the greenhouse. The technical assistance of Jean-François 
Alignan and Solène Masson during seedling emergence in 
the greenhouse is gratefully acknowledged. Our thanks to 
Marjorie Sweetko for improving the English of this paper. 

References 

ADRIAENS, D., HONNAY, O. &  HERMY, M. 2006: No evidence of 
a plant extinction debt in highly fragmented calcareous grass-
lands in Belgium. – Biological Conservation 133: 212-224. 

ALARD, D. &  POUDEVIGNE, I. 2002: Biodiversity in changing 
landscapes: from species or patch assemblages to system or-
ganisation. In: LEUVEN, R.S.E.W., POUDEVIGNE, I. &  TEEUW, 
R.M. (Eds.): Application of geographic information systems 
and remote sensing in river studies. – Backuys Publishers, 
Leiden, The Netherlands, pp. 9-24. 

ANDERSEN, A.N. 1988: Dispersal distance as a benefit of myr-
mecochory. – Oecologia 75: 507-511. 

ANDERSEN, A.N. 1989: How important is seed predation to re-
cruitment in stable populations of long-lived perennials? – Oeco-
logia 81: 310-315. 

ANDERSEN, A.N. &  ASHTON, D.H. 1985: Rates of seed removal 
by ants at heath and woodland sites in southeastern Australia. 
– Australian Journal of Ecology 10: 381-390. 

ARNAN, X., MOLOWNY-HORAS, R., RODRIGO, A. &  RETANA, J. 
2012: Uncoupling the effects of seed predation and seed dis-
persal by granivorous ants on plant population dynamics. – 
Public Library of Science One 7: art. e42869. 

ARNAN, X., RETANA, J., RODRIGO, A. &  CERDÁ, X. 2010: Forag-
ing behaviour of harvesting ants determines seed removal and 
dispersal. – Insectes Sociaux 57: 421-430. 

AZCÁRATE, F.M. &  PECO, B. 2003: Spatial patterns of seed pre-
dation by harvester ants (Messor FOREL) in Mediterranean 
grassland and scrubland. – Insectes Sociaux 50: 120-126. 

AZCÁRATE, F.M. &  PECO, B. 2007: Harvester ants (Messor barba-
rus) as disturbance agents in Mediterranean grasslands. – Jour-
nal of Vegetation Science 18: 103-110. 

BARAIBAR , B., LEDESMA, R., ROYO-ESNAL, A. &  WESTERMAN, 
P.R. 2011: Assessing yield losses caused by the harvester ant 
Messor barbarus (L.) in winter cereals. – Crop Protection 30: 
1144-1148. 

BEATTIE, A.J. 1989: The effects of ants on grasslands. In: HUEN-
NEKE, L.F. &  MOONEY, H.A. (Eds.): Grassland structure and 
function: California annual grassland. – Springer Netherlands, 
The Netherlands, pp. 105-116. 

BEATTIE, A.J. &  HUGHUES, L. 2002: Evolution of diversity in 
plant communities. In: HERRERA, C.M. &  PELLMYR, O. (Eds.): 
Plant animal interactions: an evolutionary approach. – Black-
well Science, Oxford, UK, pp. 211-235. 

BENTLEY, B.L. 1977: Extrafloral nectaries and protection by pug-
nacious bodyguards. – Annual Review of Ecology, Evolution, 
and Systematics 8: 407-427. 

BERNARD, F. 1968: Les fourmis (Hymenoptera: Formicidae) d'Eur-
ope occidentale et septentrionale. – Masson, Paris, 411 pp. 

BERTNESS, M.D. &  CALLAWAY , R. 1994: Positive interactions in 
communities. – Trends in Ecology & Evolution 9: 191-193. 

BOND, W. &  SLINGSBY, P. 1984: Collapse of an ant-plant mutual-
ism: the Argentine ant (Iridomyrmex humilis) and myrmeco-
chorous Proteaceae. – Ecology 65: 1031-1037. 

BONET, A. 2004: Secondary succession of semi-arid Mediterra-
nean old-fields in south-eastern Spain: insights for conserva-
tion and restoration of degraded lands. – Journal of Arid En-
vironments 56: 213-233. 

BONTE, D., DEKONINCK, W., PROVOOST, S., COSIJNS, E. &  HOFF-
MANN , M. 2003: Microgeographical distribution of ants (Hy-
menoptera: Formicidae) in coastal dune grassland and their re-
lation to the soil structure and vegetation. – Animal Biology 
53: 367-377. 

BORCARD, D., GILLET, F. &  LEGENDRE, P. 2011: Numerical ecol-
ogy with R. – Springer, New York, NY, 306 pp. 

BOURRELLY, M., BOREL, L., DEVAUX , J.P., LOUIS-PALLUEL , J. &  

ARCHILOQUE, A. 1983: Dynamique annuelle et production pri-
maire nette de l'écosystème steppique de Crau (Bouches du 
Rhône). – Biologie et Ecologie Méditerranéenne 10: 55-82. 

BRAY, J.R. & CURTIS, J.T. 1957: An ordination of the upland 
forest communities of southern Wisconsin. – Ecological Mono-
graphs 27: 325-349. 

BROWN, J.H., REICHMAN, O.J. &  DAVIDSON, D.W. 1979: Grani-
vory in desert ecosystems. – Annual Review of Ecology, Evo-
lution, and Systematics 10: 201-227. 

BROWN, M.J.F. &  HUMAN, K.G. 1997: Effects of harvester ants on 
plant species distribution and abundance in a serpentine grass-
land. – Oecologia 112: 237-243. 

BUISSON, E. &  DUTOIT, T. 2006: Creation of the natural reserve 
of La Crau: implications for the creation and management of 
protected areas. – Journal of Environmental Management 80: 
318-326. 

BULOT, A., DUTOIT, T., RENUCCI, M. &  PROVOST, E. 2014a: A 
new transplantation protocol for harvester ant queens Messor 
barbarus (Hymenoptera: Formicidae) to improve the restora-
tion of species-rich plant communities. – Myrmecological News 
20: 43-52.  

BULOT, A., PROVOST, E. &  DUTOIT, T. 2014b: A comparison of 
different soil transfer strategies for restoring a Mediterranean 
steppe after a pipeline leak (La Crau plain, South-Eastern 
France). – Ecological Engineering 71: 690-702.  

CERDÁ, X. &  RETANA, J. 1994: Food exploitation patterns of 
two sympatric seed‐harvesting ants Messor bouvieri (BOND.) 
and Messor capitatus (LATR.) (Hym., Formicidae) from Spain. 
– Journal of Applied Entomology 117: 268-277. 

CERDAN, P. 1989: Etude de la biologie, de l'écologie et du com-
portement des fourmis moissonneuses du genre Messor (Hy-
menoptera: Formicidae) en Crau. – PhD thesis, Université Aix-
Marseille I, Marseille, France, 257 pp. 



 99

CERDAN, P., BOREL, L., PALLUEL , J. &  DELYE, G. 1990: Les 
fourmis moissonneuses et la végétation de la Crau (Bouches-
du-Rhône). – Ecologia Mediterranea 12: 15-23. 

CHESSEL, D., DUFOUR, A.B. &  THIOULOUSE, J. 2004: The ade4 
package-I-One-table methods. – R News 4: 5-10. 

CLARKE, K.R. 1993: Nonparametric multivariate analyses of 
changes in community structure. – Australian Journal of Ecol-
ogy 18: 117-143. 

CLARKE, K.R. &  GREEN, R.H. 1988: Statistical design and ana-
lysis for a "biological effects" study. – Marine Ecology Pro-
gress Series 46: 213-226. 

CLARKE, K.R. &  WARWICK, R.M. 2001: Change in marine com-
munities. An approach to Statistical Analysis and Interpreta-
tion, 2nd edn. – Primer- E. Ltd., Plymouth. 

DEAN, W.R.J. &  YEATON, R.J. 1992: The importance of harves-
ter Messor capensis nest-mounds as germination sites in the 
southern Karoo, South Africa. – African Journal of Ecology 
30: 335-345. 

DEFALCO, L.A., ESQUE, T.C., KANE, J.M. &  NICKLAS, M.B. 
2009: Seed banks in a degraded desert shrubland: influence 
of soil surface condition and harvester ant activity on seed 
abundance. – Journal of Arid Environments 73: 885-893. 

DETRAIN, C. &  PASTEELS, J.M. 2000: Seed preferences of the har-
vester ant Messor barbarus in a Mediterranean mosaic grass-
land (Hymenoptera: Formicidae). – Sociobiology 35: 35-48. 

DETRAIN, C. &  TASSE, O. 2000: Seed drops and caches by the har-
vester ant Messor barbarus: do they contribute to seed disper-
sal in Mediterranean grasslands? – Naturwissenschaften 87: 
373-376. 

DETRAIN, C., VERSAEN, M. &  PASTEELS, J.M. 1996: Recolte de 
graines et dynamique du réseau de pistes chez la fourmi mois-
sonneuse Messor barbarus. – Actes des Colloques Insectes 
Sociaux 10: 157-160. 

DEVAUX , J.P., ARCHILOQUE, A., BOREL, L., BOURRELLY, M. &  

LOUIS-PALLUEL , J. 1983: Notice de la carte phyto-écologique 
de la Crau (Bouches du Rhône). – Biologie et Ecologie Médi-
terranéenne 10: 5-54. 

DÍAZ , M. 1991: Spatial patterns of granivorous ant nest abun-
dance and nest site selection in agricultural landscapes of Cen-
tral Spain. – Insectes Sociaux 38: 351-363. 

DRAY, S. &  DUFOUR, A.B. 2007: The ade4 package: implement-
ing the duality diagram for ecologists. – Journal of Statistical 
Software 22: 1-20. 

DUTOIT, T., BUISSON, E., FADDA , S., HENRY, F., COIFFAIT-
GOMBAULT, C., JAUNATRE, R., ALIGNAN , J.F., MASSON, S. &  

BULOT, A. 2013: The pseudo-steppe of La Crau (South-Eastern 
France): origin, management and restoration of a Mediterra-
nean rangeland. In: TRABA, J. &  MORALES, M. (Eds.): Steppe 
Ecosystems: Biological Diversity, Management and Restora-
tion. – Nova Publishers, New York, NY, pp. 287-301. 

DZWONKO, Z. &  LOSTER, S. 1998: Dynamics of species richness 
and composition in a limestone grassland restored after tree 
cutting. – Journal of Vegetation Science 9: 387-394. 

ERIKSSON, O. &  EHRLN, J. 1992: Seed and microsite limitation 
of recruitment in plant populations. – Oecologia 91: 360-364. 

FIELD, J.G., CLARKE, K.R. &  WARWICK, R.M. 1982: A practical 
strategy for analysing multispecies distribution patterns. – Ma-
rine Ecology Progress Series 8: 37-52. 

FOLGARAIT, P.J. 1998: Ant biodiversity and its relationship to 
ecosystem functioning: a review. – Biodiversity & Conserva-
tion 7: 1221-1244. 

GIBSON, D.J. 2009: Grasses and grassland ecology. – Oxford Uni-
versity Press, Oxford, UK, 320 pp.  

GILBERT, L.E. 1980: Coevolution of animals and plants: a 1979 
postscript. In: GILBERT, L.E. & RAVEN, P.R. (Eds.): Coevolu-

tion of animals and plants. – University of Texas Press, Aus-
tin, TX, pp. 247-263. 

GOLDBERG, D.E. &  BARTON, A.M. 1992: Patterns and conse-
quences of interspecific competition in natural communities: 
field experiments with plants. – The American Naturalist 139: 
771-801. 

GOLDBERG, D.E., TURKINGTON, R., OLSVIG-WHITTAKER, L. &  

DYER, A.R. 2001: Density dependence in an annual plant com-
munity: variation among life history stages. – Ecological Mono-
graphs 71: 423-446. 

GOVE, A.D., MAJER, D. &  DUNN, R. 2007: A keystone ant spe-
cies promotes seed dispersal in a "diffuse" mutualism. – Oeco-
logia 153: 687-697. 

HENRY, F., TALON, B. &  DUTOIT, T. 2010: The age and history of 
the French Mediterranean steppe revisited by soil wood char-
coal analysis. – The Holocene 20: 25-34. 

HENSEN, I. 2002: Seed predation by ants in south-eastern Spain 
(Tabernas desert, Almería). – Anales de Biología 24: 89-96. 

HOBBS, R.J. 1985: Harvester ant foraging and plant species dis-
tribution in annual grassland. – Oecologia 67: 519-523. 

HOWE, H.F. &  SMALLWOOD , J. 1982: Ecology of seed dispersal. 
– Annual Review of Ecology, Evolution, and Systematics 13: 
201-228. 

JANIŠOVÁ, M., BARTHA, S., KIEHL, K. &  DENGLER, J. 2011: Ad-
vances in the conservation of dry grasslands: introduction to 
contributions from the seventh European Dry Grassland Meet-
ing. – Plant Biosystems 145: 507-513. 

JOHNSON, R.A. 2001: Biogeography and community structure of 
North American seed-harvester ants. – Annual Review of En-
tomology 46: 1-29. 

JONES, C.G., LAWTON, J.H. &  SHACHAK, M. 1997: Positive and 
negative effects of organisms as physical ecosystem engineers. 
– Ecology 78: 1946-1957. 

LEBAS, C. 2014: Clé de reconnaissance des fourmis françaises. 
– <http:// cle.fourmis.free.fr>, retrieved on 28 January 2016. 

LEE, T.D., TJOELKER, M.G., ELLSWORTH, D.S. &  REICH, P.B. 
2001: Leaf gas exchange responses of 13 prairie grassland 
species to elevated CO2 and increased nitrogen supply. – New 
Phytologist 150: 405-418. 

LE HOUÉROU, H.N. 2001: Biogeography of the arid steppeland 
north of the Sahara. – Journal of Arid Environment 48: 103-128. 

LEVEY D.J. &  BYRNE, M.M. 1993: Complex ant-plant interac-
tions: rain-forest ants as secondary dispersers and post-disper-
sal seed predators. – Ecology 74: 1802-1812. 

LÓPEZ, F., ACOSTA, F.J., SERRANO, J.M. 1993: Responses of the 
trunk routes of a harvester ant to plant density. – Oecologia 
93: 109-113. 

LORTIE, C.J., BROOKER, R.W., CHOLER, P., K IKVIDZE , Z., M I-
CHALET, R., PUGNAIRE, F.I. &  CALLAWAY , R.M. 2004: Re-
thinking plant community theory. – Oikos 107: 433-438. 

LORTIE, C.J. &  TURKINGTON, R. 2002: The effect of initial seed 
density on the structure of a desert annual plant community. 
– Journal of Ecology 90: 435-445. 

MACMAHON, J.A., MULL, J.F. &  CRIST, T.O. 2000: Harvester ants 
(Pogonomyrmex spp.): their community and ecosystem influ-
ences. – Annual Review of Ecology, Evolution, and Systema-
tics 265-291. 

MAJER, J.D. &  LAMONT, B.B. 1985: Removal of seed of Gre-
villea pteridifolia (Proteaceae) by ants. – Australian Journal 
of Botany 33: 611-618. 

MARTÍNEZ-DURO, E., FERRANDIS, P., HERRANZ, J.M. &  COPETE, 
M.A. 2010: Do seed harvesting ants threaten the viability of 
a critically endangered non-myrmecochorous perennial plant 
population? A complex interaction. – Population Ecology 52: 
397-405. 



 100 

MOLINIER, R. &  TALLON, G. 1950: La végétation de la Crau (Basse-
Provence). – Librairie générale de l'enseignement, Paris, 111 pp. 

MOLLIEX , S., SIAME, L.L., BOURLÈS, D.L., BELLEIR, O., BRAU-
CHER, R. &  CLAUZON, R. 2013: Quaternary evolution of a 
large alluvial fan in a periglacial setting (Crau Plain, SE France) 
constrained by terrestrial cosmogenic nuclide (10Be). – Geo-
morphology 195: 45-52. 

MORTON, S.R. &  DAVIDSON, D.W. 1988: Comparative structure 
of harvester ant communities in arid Australia and North Ame-
rica. – Ecological Monographs 58: 19-38. 

MULLER, F.M. 1978: Seedlings of the North-Western European 
lowland. – Junk, The Hague, 654 pp. 

OKSANEN, J., BLANCHET, F.G., K INDT, R., LEGENDRE, P., M IN-
CHIN, P.R., O'HARA, R.B., SIMPSON, G.L., SOLYMOS, P., STE-
VENS, M.H.H. &  WAGNER, H. 2013: vegan: community ecology 
package. – <https:// cran.r-project.org/web/packages/vegan>, 
retrieved on 12 May 2016. 

PIELOU, E.C. 1969: Association tests versus homogeneity tests: 
their use in subdividing quadrats into groups. – Vegetatio 18: 
4-18. 

PLOWES, N.J.R., JOHNSON, R.A. &  HÖLLDOBLER, B. 2013: Foraging 
behavior in the ant genus Messor (Hymenoptera: Formicidae: 
Myrmicinae). – Myrmecological News 18: 33-49. 

POSCHOLD, P. &  WALLISDEVRIES, M.F. 2002: The historical and 
socioeconomic perspective of calcareous grasslands: lessons 
from the distant and recent past. – Biological Conservation 
104: 361-376. 

RETANA, J., PICO, F.X. &  RODRIGO, A. 2004: Dual role of har-
vesting ants as seed predators and dispersers of a non-myrme-
chorous Mediterranean perennial herb. – Oikos 105: 377-385. 

RISSING, S.W. 1986: Indirect effects of granivory by harvester 
ants: plant species composition and reproductive increase near 
ant nests. – Oecologia 68: 231-234. 

RÖMERMANN, C., TACKENBERG, O. &  POSCHLOD, P. 2005: How to 
predict attachment potential of seeds to sheep and cattle coat 
from simple morphological seed traits. – Oikos 110: 219-230. 

SÁNCHEZ, A.M., AZCÁRATE, F.M. &  PECO, B. 2006: Effects of 
harvester ants on seed availability and dispersal of Lavandula 
stoechas subsp. pedunculata in a Mediterranean grassland-
scrubland mosaic. – Plant Ecology 185: 49-56. 

SAUNDERS, D.A., HOBBS, R.J. &  MARGULES, C.R. 1991: Biologi-
cal consequences of ecosystem fragmentation: a review. – Con-
servation Biology 5: 18-32. 

SAYER, E.J. 2005: Using experimental manipulation to assess the 
roles of leaf litter in the functioning of forest ecosystems. – 
Biological Reviews of the Cambridge Philosophical Society 
80: 1-31. 

SCHÖNING, C., ESPADALER, X., HENSEN, I. &  ROCES, F. 2004: 
Seed predation of the tussock-grass Stipa tenacissima L. by ants 
(Messor spp.) in south-eastern Spain: the adaptive value of 
trypanocarpy. – Journal of Arid Environment 56: 43-61. 

SERNANDER, R. 1906: Entwurf einer Monographie der europäi-
schen Myrmekochoren. – Kongliga Svenska Vetenskapsaka-
demiens Handlingar 41: 1-410. 

STILES, E.W. 1980: Patterns of fruit presentation and seed dis-
persal in bird-disseminated woody plants in the eastern deci-
duous forest. – The American Naturalist 116: 670-688. 

TER HEERDT, G.N.J., VERWEIJ, G.L., BEKKER, R.M. &  BAKKER, 
J.P. 1996: An improved method for seed-bank analysis: seed-
ling emergence after removing the soil by sieving. – Functio-
nal Ecology 10: 144-151. 

THE R FOUNDATION FOR STATISTICAL COMPUTING, R.C. 2012: 
R: A language and environment for statistical computing [In-
ternet]. – <http://www.r-project.org>, retrieved on 12 May 
2016. 

TISON, J.M., JAUZEIN, P. &  MICHAUD, H. 2009: Flore de la médi-
terranée continentale. – Naturalia publications, Conservatoire 
botanique national méditerranéen de Porquerolles (CBNMed), 
Turrier, France, 2077 pp. 

TRABA, J., LEVASSOR, C. &  PECO, B. 2003: Restoration of spe-
cies richness in abandoned Mediterranean grasslands: seeds in 
cattle dung. – Restoration Ecology 11: 378-384. 

VORSTER, H., HEWITT, P.H., VAN DER WESTHUIZEN, M.C. 1994: 
The effect of seed foraging and utilization by the granivorous 
ant Messor capensis (MAYR) (Hymenoptera: Formicidae) on 
the grassveld composition of the central Orange Free State. – 
African Entomology 2: 175-179. 

WEIHER, E. &  KEDDY, P.A. 1999: Ecological assembly rules: 
perspectives, advances, retreats. – Cambridge University Press, 
Cambridge, UK, 414 pp. 

WHITE, T.C.R. 2001: Opposing paradigms: regulation or limita-
tion of populations? – Oikos 93: 148-152. 

WHITFORD, W.G. 1988: Effects of harvester ant (Pogonomyrmex 
rugosus) nests on soils and a spring annual, Erodium texanum. 
– The Southwestern Naturalist 33: 482-485. 

WILLEMS, J.H. 2001: Problems, approaches and results in restor-
ation of Dutch calcareous grassland during the last 30 years. 
– Restoration Ecology 9: 147-154. 

WOLFF, A. &  DEBUSSCHE, M. 1999: Ants as seed dispersers in a 
Mediterranean old field succession. – Oikos 84: 443-452. 

YOUNGSTEADT, E., BACA, J.A., OSBORNE, J. &  SCHAL, C. 2009: 
Species-specific seed dispersal in an obligate ant-plant mutu-
alism. – Public Library of Science One 4: art. e4335. 

 
 
 


