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Abstract. Soil and changes in vegetation may affect ant assemblages, but the relative importance of each in different habitats is
not well characterized. In particular, information on the effects of ecological restoration on arthropods is scarce. It was decided,
therefore, to study how reforestation may affect an ant assemblage. Ants were sampled in area that had been reforested and
adjacent grassland using pitfall traps. Soil surface and vegetation were characterized. The disturbance of the vegetation caused
by reforestation resulted in a decrease in the cover of Stipa tenacissima and Cistaceae and an increase in the cover of pine. The
mechanical preparation of the site also resulted in changes in the soil surface, with an increase in the cover of stones and rocks.
Ant species richness and abundance were greater at the reforested site than in the grassland and more species showed a positive
than a negative response to reforestation. The underlying causes of this pattern are mainly related to changes in vegetation and
structure of the soil surface and are associated with the increase in the cover of pine, which most probably provided additional food

resources, and the greater cover of stones and rocks that provided more shelter for the ant assemblage.

INTRODUCTION

Grasslands dominated by esparto grass Stipa tenacis-
sima L. with a sparse cover of vegetation, are one of the
commonest ecosystems in semiarid regions in the Western
Mediterranean basin (Barbera et al., 2006; Maestre et al.,
2007; Cortina et al., 2009). S. fenacissima is a perennial
tussock grass in which the live biomass is usually sur-
rounded by thick layers of standing dead grass (Maestre
et al., 2007). The physiognomy of S. tenacissima grass-
lands is more similar to shrub land than to mesic grassland.
The effect of grazing on S. tenacissima is low because this
grass has a low palatability, but these grasslands have been
intensively managed for producing fibre (esparto) used for
making baskets, shoes, mats, etc, from prehistoric times
until the 1950-1960s. Although this practice has now been
mostly abandoned, the abandonment has not resulted in
any major changes in the habitat (Barbera et al., 2006;
Maestre et al., 2007). Many authors consider esparto grass
steppes to be degraded former oak or pine open forests or
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shrub land dominated by, e.g., Pistacia lentiscus L. (Costa,
1973; Valdés & Herranz, 1989; Maestre et al., 2007).
During the twentieth century, land managers in Spain
promoted the planting of Pinus halepensis Mill., suppos-
edly to boost succession. From the 1960s to 1990s most
of the reforestation/afforestation in Spain was done using
Mechanical Site Preparation (MSP), a broad category of
site preparation typically involving the use of large heavy
machinery with attached implements for preparing an area
and its soil for planting trees (L6f et al., 2012). MSP causes
a range of adverse effects, which are reported by different
authors (Ortigosa, 1991; Chaparro & Esteve-Selma, 1995;
Ternan et al., 1996). Lof et al. (2012) state that MSP can
lead to different effects on soil characteristics, such as loss
of carbon, changes in the decomposition of organic mat-
ter, disturbance of nutrient pools or increase in water loss,
and also an increased risk of soil erosion. MSP may in-
crease plant biodiversity, at least temporally (Haeussler et
al., 1999; Lof et al., 2012), but there are few studies on the
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Murcia

Fig. 1. Map showing the location of the study area.

effects of MSP on arthropod communities (Bellocq et al.,
2001; Bird et al., 2004).

As in other arid and semi-arid areas on the Iberian Penin-
sula, esparto grass steppes are inhabited by a great diversity
of invertebrates. Two insect groups dominate: Coleoptera
(mainly Tenebrionidae) and, more specifically, Formicidae
(Doblas-Miranda et al., 2007; Pifiero et al., 2011). Ants are
dominant organisms in terrestrial ecosystems, have very
important functions, make up a great part of the animal
biomass and are ecosystem engineers (Holldobler & Wil-
son, 1990; Folgarait, 1998; Read & Andersen, 2000; Frouz
& Jilkova, 2008; Del Toro et al., 2012).

Vegetation and soil may influence ant assemblages.
Shrub encroachment of grasslands results in an increase in
ant diversity and/or abundance, both in mesic and semiarid
grasslands (Nash et al., 2000; Bestelmeyer, 2005; Azcarate
& Peco, 2012; Wiezik et al., 2013). However, the reforesta-
tion of semiarid grasslands by pines may reduce the abun-
dance and diversity of ants, although this effect is much
lower when tree cover is sparse (Corley et al., 2006). Soil
characteristics may be especially relevant to understand-
ing ant assemblages in semiarid landscapes (Bestelmeyer
& Wiens, 2001). Nevertheless, there are very few studies
and little current literature that deals with the direct and
indirect effects of soil properties on ant assemblages. In the
current study, MSP simultaneously disturbed both the soil
and vegetation, which provided the opportunity to study
the effects of both factors on ant assemblages.

We studied the effects of a 16-year old reforestation with
P. halepensis of a semiarid S. tenacissima grassland on the
local ant assemblage, looking specifically at the effects of
changes in the soil and vegetation. The objectives of this
study were: (i) to determine how reforestation following
MSP affects the structure of the surface of the soil and
vegetation; (ii) to determine how reforestation affects an
epigeal ant assemblage and species, particularly their di-
versity and abundance; (iii) to determine which changes
at the surface of the soil and in the vegetation are likely to
cause changes in the ant assemblage.

MATERIAL AND METHODS

Study Site

This study was carried out in the Sierra del Picarcho (Region of
Murcia, south-eastern Spain, 394 m a.s.1., 38°20'N, 1°29°W; Fig.
1). Soils are mostly Petric Calcisols (FAO-ISRIC-ISSS, 1998),
characterized by an A-Ckm1-Ckm?2 profile, with a thick petrocal-
cic horizon (hardpan) at a depth of 40-70 cm. The topography of
the area is mostly flat, with slopes not exceeding 6% (Barbera et
al., 2006). The climate is semiarid Mediterranean. At the nearby
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Fig. 2. Steppe grassland at the study site.

meteorological station of La Carrichosa (6.22 km S, 254 m a.s.l.,
data 1995-2012) the following annual mean values were record-
ed: temperature 17.2°C, relative humidity 64%, rainfall 253 mm
and evapotranspiration 1166 mm (SIAM-IMIDA, 2017).

The vegetation in the study area is steppe grassland (Fig. 2),
dominated by the esparto grass (Stipa tenacissima). There was
a partial reforestation with Pinus halepensis in the 1960s and
1970s, although the trees developed poorly, probably due to root-
ing difficulties associated with the petrocalcic horizon. In July
1994, the study area suffered a catastrophic wildfire. Our study
site is located close (1-2 km) to the eastern limit of the fire. At
the end of 1996, the area was patchily reforested again using P.
halepensis. The planting of pines was preceded by mechanical
preparation of the soil by subsoiling to 1-1.5 m along the planta-
tion rows, causing a significant disturbance both to the soil sur-
face and profile. One-year old tree seedlings were planted in rows
and spaced 2.5-3 m apart. The 19-ha plot studied was an experi-
mental plot, which was subjected to a large number of different
mechanical subsoiling techniques, which differed mainly in the
way organic matter was added to each line of trees (for details
see Barbera et al., 2005). Pine growth was slow and mortality
high. After 16 years, the trees were rarely more than 3 m high
and their cover sparse (Fig. 3). Mechanical preparation of the ter-
rain combined with the presence of a shallow petrocalcic horizon
resulted in large slabs of rock and stones being brought to the sur-
face, creating a particular microtopography. Original soil surface

Fig. 3. Reforested area at the study site.
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Fig. 4. Transects. Light gray — grassland; dark gray — reforested
area.

was smooth with a varying density of small stones on the surface,
while the subsoiled area is anfractuous at the microscale with a lot
of large stones and rocks at the surface, which resulted from the
breaking up of the hardpan during subsoiling.

Sampling

Three 200-m transects were established in May 2012 (Fig. 4).
Each transect consisted of 20 pitfall traps set 10 m apart. Ten traps
were placed in the reforested area, and 10 in the grassland. Be-
cause of the patchy structure of the reforested area, the distance
of a pitfall from the edge of the grassland/reforested area may be
less than the distance to the middle point of the transect (Fig. 4).

The ants were sampled using pitfall traps. Polystyrene tubes
(2 cm diameter, 10.5 cm long) were installed two weeks before
the traps were set in order to avoid the effects of digging-in
(Greenslade, 1973), with the lip of the tube flush with the soil sur-
face. Tubes were filled with 5 ml of 50 : 50 propylene glycol and
water solution with a few drops of liquid soap added to reduce
surface tension (Bestelmeyer et al., 2000; Calixto et al., 2007).
Pitfall traps were set for one week each season, in May, August,
November 2012 and February 2013.

All ants were identified and counted using a stereo microscope.
Identified ants were transferred to vials containing 70% ethanol,
or were mounted. All specimens are deposited at the premises of
Asociacion de Naturalistas del Sureste (ANSE, Murcia, Spain).

To characterize the vegetation and soil surface one transect was
established alongside each transect with the pitfall traps in March
2013. The purpose of these transects was to record the general
characteristics of the composition of the vegetation and structure
of the soil surface. Each transect was 8-m long, centred on each
pitfall point and aligned with the original pitfall transect. At 17
points, at 50-cm intervals, type of soil surface (cover of soil —
no stones or rocks on soil surface; superficial stones — hereafter
stones; or in-ground rocks — hereafter rocks), species of plants
and their height were recorded. Only perennial species were in-
cluded in the analysis. Plants were categorized into functional
groups (Table 1).

Data analysis

In order to determine the effects of reforestation on the ant
assemblage and infer the possible causes we carried out two
analyses. The first was for the whole year at the level of the as-
semblage. Numbers of each species caught in each pitfall on
the four sampling sessions were summed and log-transformed.
This matrix was submitted to non-metric multidimensional scal-
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Table 1. Environmental variables and error function used for mod-
elling response of the environmental and ant assemblage varia-
bles to reforestation in the framework of Generalized Linear Mixed
Models (see Material and methods). Tree and perennial grass
functional groups were not tested as each one is represented by
only one species (Pinus halepensis and Stipa tenacissima, respec-
tively). Note that error functions for total vegetation and functional
groups were tested using a Poisson error as species in the same
functional group can be overlaid on the same sampling point.

ENVIRONMENTAL VARIABLE Functional group , ="°"
function

Soil surface
Cover of soil (no stones or rocks . .

. Binomial

on soil surface)

Cover of stones Binomial
Cover of rocks Binomial
Vegetation
Plant species richness Poisson
Number of plant strata (NPS) Poisson
NPS on points with vegetation cover Poisson
Total cover of vegetation Poisson
Shrub cover Poisson
Chamaephyte cover Poisson
Pinus halepensis cover Tree Binomial
Stipa tenacissima cover Perennial grass Binomial
Rosmarinus officinalis cover Shrub Binomial
Anthyllis terniflora cover Shrub Binomial
Cistus clusii cover Shrub Binomial
Fumana ericoides cover Chamaephyte  Binomial
Fumana thymifolia cover Chamaephyte  Binomial
Helianthemum violaceum cover Chamaephyte  Binomial
Olea europaea cover Shrub Binomial
Sideritis bourgeana cover Chamaephyte  Binomial

ing (NMDS) followed by an Adonis test (McArdle & Anderson,
2001) to check if the between-group (grassland vs. reforestation)
and within-group similarities differed significantly. Adonis is a
permutation test that partitions the sum of squares for distance
matrices in a way analogous to MANOVA. The number of per-
mutations was set to 999. Relation between NMDS axes and en-
vironmental variables was tested using Spearman’s rank correla-
tion. These analyses were carried out using the vegan package
(Oksanen et al., 2018) in R (R Core Team, 2018). The second
analysis aimed to test the effects on the abundance of individual
species as well as the abundance of the assemblage (all species
summed) and species richness. It was hierarchically carried out
in two steps: (i) testing if reforestation using MSP is associated
with changes in soil and vegetation variables as well as in ant spe-
cies richness and ant total abundance for each species; (ii) test-
ing if ant species richness, total abundance and species specific
variation were associated with the variation in the environmental
variables that were significantly different in the two habitats, as
tested in (i).

We hypothesized that these changes may be expressed in terms
of three possible models (Fig. S1): (i) a shift in the levels of the
different variables of interest in each habitat (factor); (ii) a linear
trend (positive or negative) in the variable from inner part of the
reforested area to that of the grassland; (iii) a unimodal trend with
a maximum or a minimum value of the variable of interest close
to the ecotone. In relation to environmental variables, to test for
the most complex case (unimodal response) a generalized linear
mixed model was fitted to each variable with transect as a random
factor and signed distance to the ecotone set to zero and distance
to inner part of the grassland assigned a positive sign and that to
the inner part of reforested area a negative sign and its squared
value as fixed factors. If the effect of the quadratic signed distance
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Fig. 5. Soil surface cover. Values predicted by the models (Table
S1).

was statistically significant (indicating a unimodal response) the
model was retained, otherwise we tested the alternative (less
complicated) linear trend model with the signed distance with-
out the quadratic term. Again, if the signed distance parameter
was significant the model was retained, otherwise we tested for
the shift model, which includes the habitat as a qualitative factor.
For each response variable, the generalized linear mixed model
was fitted with an error function appropriate for the nature of
data (binomial, Poisson, normal; details in Table 1). Models for
ant species richness and total abundance were tested similarly
but because ants were sampled seasonally the fixed part of the
generalized linear mixed model includes habitat and season. Ant
species richness was tested at two spatial scales: pitfall and habi-
tat x transect (10 aggregated traps in a particular habitat along a
particular transect). For the species’ abundance models, as au-
tumn and winter abundances per individual species were very
low, a full model, including habitat and season, is usually over
parametrized. Therefore, for each species, we tested a model that
included the year-round aggregated abundance and four seasonal
models. Abundance data were log-transformed prior to analyses.

Generalized linear mixed models were fitted using the GLIM-
MIX procedure in SAS 9.4. Details of the statistically significant
models are presented in Table S1. In the main text only graphical
expressions of the models are shown.

Next, we determined whether the abundance and richness of
ant species was correlated with environmental variables that sig-
nificantly varied between habitats, using Spearman’s rank corre-
lation with the Benjamini-Hochberg correction for multiple com-
parisons (Benjamini & Hochberg, 1995). This correction is less
conservative than the Bonferroni one and is based on controlling
the false discovery rate (FDR). We set FDR in this study to 0.2,
that is, we accept a maximum rate of false tests of 20%.

RESULTS

Environmental changes induced by reforestation

Soil surface characteristics clearly vary between habitats
(Figs 5-6; expected values of models are shown in Table
S1). The cover of rocks was low and constant in the grass-
land and increased sharply towards the inner part of the
reforested area. The cover of soil increased linearly from
the centre of the reforested area to that of the grassland,
while stone cover peaked close to the ecotone.

doi: 10.14411/eje.2018.054

Fig. 6. Soil profile in the grassland (a) and reforested area (b). Note
that the petrocalcic horizon (Ckm) was lifted and fragmented by
mechanical reforestation.

Changes in vegetation were not associated with differ-
ences in species richness or general physiognomy, but
were with total vegetation, functional groups and, most
importantly, species cover (Fig. 7; predicted values of the
models are presented in Table S1). Of course, pine cover
was only recorded in the reforested area. The two subdomi-
nant shrubs showed opposite linear trends. In the inner part
of the grassland the cover of Cistus clusii and Rosmarinus
officinalis was similar, whereas that of C. clusii decreased
towards the inner part of the reforested area while that of
R. officinalis increased. As a result, the total shrub cover re-
mains unchanged. Stipa tenacissima was clearly dominant

0.44

Cover

0.01

-100 -50 0 50 100
Distance

Fig. 7. Components of the cover of vegetation. Values predicted
by the models (Table S1). Cisclu — Cistus clusii; Fumthy — Fumana
thymifolia; Pinhal — Pinus halepensis; Rosof — Rosmarinus offici-
nalis; Stiten — Stipa tenacissima.
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Fig. 8. Ant species mean richness along the transect. Bars indicate
standard error as calculated from model in Table S1.

in grassland but far less abundant in the reforested site, to
the point that in the inner part its cover was similar to that
of R. officinalis. Total chamaephyte cover had a similar
trend, but only one species of chamaephyte differed sig-
nificantly between habitats: Fumana thymifolia. The cover
of this tiny species was very low except in the inner part of
the grassland. Interestingly, total perennial plant cover was
similar in the inner parts of the forest and grassland but
showed a minimum in the ecotone close to the reforested
area.

Effect of reforestation on ant assemblages

A total of 13 species of ants belonging to 11 genera were
recorded in this study (Table 2). Ten species were found in
both habitats and three only in the reforested habitat. As
Temnothorax racovitzai was only caught twice it was not
included in the analysis.

Species richness at the habitat x transect scale was sig-
nificantly higher in the reforested area (Fig. 8). The pattern
did not differ between seasons. At the pitfall scale it is pos-
sible to detect a linear trend of decreasing richness from
the inner part of the reforested area to that of the grassland
(Fig. 9; predicted values of models are presented in Table

Table 2. Total number of each species of ant captured in the pitfall
traps in grassland (G) and the reforested area (R).

. Captures
Ant species G R
Aphaenogaster iberica Emery, 1908 1 15
Camponotus foreli Emery, 1881 4 18
Camponotus sylvaticus (Olivier, 1792) 0 12
Cataglyphis iberica (Emery, 1906) 75 111
Crematogaster auberti Emery, 1869 55 18
Goniomma blanci (André, 1881) 23 2
Messor bouvieri Bondroit, 1918 37 94
Pheidole pallidula (Nylander, 1849) 15 48
Plagiolepis schmitzii Forel, 1895 52 53
Tapinoma nigerrimum (Nylander, 1856) 178 234
Temnothorax racovitzai Bondroit, 1918 0 2
Temnothorax specularis Emery, 1916 5 5
Tetramorium semilaeve André, 1883 0 6
TOTAL 445 618
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Fig. 9. Ant species mean richness per pitfall trap. Values predicted
by the models (Table S1).

S1). Total ant abundance follows a very similar pattern
(Fig. S2; predicted values of models are presented in Table
S1).

Reforestation had significant effects on the year-round
abundance of several species and in spring and summer,
when ants are much more active (Figs 10 and S3; predicted
values of models are presented in Table S1). Plagiolepis
schmitzii and Gonioma blanci were the only species that
linearly increased in abundance from the inner part of the
reforested area to that of the grassland. Plagiolepis schmit-
zii shows this trend year-round and in summer, whilst G.
blanci shows this trend only in spring. More species de-
crease in abundance from the inner part of the reforested
area to that of the grassland: Aphaenogaster iberica year-
round and in both spring and summer, Camponotus sylvati-
cus year-round and in summer. For Camponotus foreli the
trend also linearly decreased from the reforested area to
the grassland year-round and in spring but in summer the
response was unimodal with a maximum in the ecotone.

Abundance

Distance

Fig. 10. Year-round abundance of the different species of ants.
Values predicted by the models (Table S1). Aphibe — Aphaeno-
gaster iberica; Camfor — Camponotus foreli; Camsyl — Campono-
tus sylvaticus; Gonbla — Goniomma blanci; Tetsem — Tetramorium
semilaeve.
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Fig. 11. Significant correlations and their direction (positive / nega-
tive) between the environmental variables and those of the ant
assemblage. Original Spearman’s correlation coefficients and P
values are in Table S2. Cisclu — Cistus clusii; Fumthy — Fumana
thymifolia; Pinhal — Pinus halepensis; Rosof — Rosmarinus offici-
nalis; Stiten — Stipa tenacissima; Tab — Total abundance; Aphibe
— Aphaenogaster iberica; Camfor — Camponotus foreli; Camsyl
— Camponotus sylvaticus; Gonbla — Goniomma blanci; Plasch —
Plagiolepis schmitzii; Tetsem — Tetramorium semilaeve.Y - year-
round; Sp — spring; Su — summer; Au — Autumn; Wi — winter.

This kind of unimodal response is also characteristic of 7e-
tramorium semilaeve year-round and in summer.

Correlation between the differences in the
environmental factors in the two habitats and in the
ant assemblages

There were significant correlations between environ-
mental variables and the ant assemblage variables that dif-
fered significantly in the two habitats (Fig. 11, Table S2),
as stated in the previous section. Ant species richness year-
round and when most active in spring and summer was
positively associated with the cover of P. halepensis, also
species richness year-round and in summer was associated
positively with the cover of stones. In autumn ant species
richness was positively associated with the cover of rocks.
Year-round ant species richness was negatively associated
with C. clusii and a continuous cover of soil.

Total ant abundance year-round was positively associ-
ated with the cover of stones, as was total ant abundance
in summer. As for ant species richness, seasonal total ant
abundance in autumn was positively associated with the
cover of rocks. In contrast, total ant abundance was nega-
tively correlated year-round with a continuous cover of soil
and in summer with the cover of F. thymifolia.

In respect to specific species, G. blanci year-round and
spring abundances were positively associated with the
cover of chamaephytes and with that of F. thymifolia.
Aphaenogaster iberica year-round and summer abun-
dances were positively associated with the cover of P. ha-
lepensis, like the abundance year-round and in spring of C.
foreli. Also for C. foreli and the same seasons there was a
negative association with the cover of C. clusii. Campono-
tus sylvaticus, however was positively associated with the
cover of rocks in spring and negatively with a continuous
cover of soil.

doi: 10.14411/eje.2018.054
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Fig. 12. NMDS Representation of the NMDS analysis. Aphibe —
Aphaenogaster iberica; Camfor — Camponotus foreli; Camsyl
—Camponotus sylvaticus; Catibe — Cataglyphis iberica; Creaub
— Crematogaster auberti; Gonbla — Goniomma blanci; Mesbou —
Messor bouvieri; Phepal — Pheidole pallidula; Plasch — Plagiolepis
schmitzii; Tapnig — Tapinoma nigerrimum; Temspe — Temnothorax
specularis; Tetsem — Tetramorium semilaeve.

NMDS axis 1 clearly separated Crematogaster auberti
from the rest of the species, but not the pitfall trap catches
by habitat (Fig. 12). In contrast, axis 2 segregated the refor-
ested area from grassland, although there was a consider-
able overlap between groups. Nevertheless, the Adonis test
shows significant differences between pitfall trap catches
in the reforested area and grassland (pseudo-F =3.18, p =
0.013) but the partial R? of the habitat factor was low (5%).
NMDS axis 1 was only significantly correlated with per-
ennial plant richness (Table 3; positive correlation), while
NMDS axis 2 was positively correlated with the cover of
stones and Pinus halepensis and negatively with Sideritis
bourgeana, chamaephytes and a continuous cover of soil.

DISCUSSION
Environmental changes induced by reforestation

Vegetation and soil were disturbed by reforestation. We
did not find a shift but mostly linear trends of different
signs depending on the variable. Without doubt, this is re-
lated to the detailed spatial scale of the study, itself condi-
tioned by the patchy design of the reforested area.

The disruption caused by mechanical soil preparation
removed a large proportion of the dominant species of the
grassland (Stipa tenacissima), which resulted in a reduc-
tion in its cover of >60% in the inner part of the refor-

Table 3. NMDS Correlations between environmental variables and
coordinates of samples (pitfall trap catches) in the NMDS space.

NMDS Axis 1 NMDS Axis 2

Variable Spearman’s Spearman’s

correlation correlation
Perennial plant richness 0.336  0.009
Chamaephyte cover -0.308 0.010
Sideritis bourgeana cover -0.290 0.025
Pinus halepensis cover 0.447  <0.001
Stone cover 0.462 <0.001
Cover of soil (no stones _0.484  <0.001

or rocks on soil surface)
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ested area compared to that in the inner part of the grass-
land area (Fig. 7). In our study area, the rate of emergence
of seedlings of S. tenacissima is very low due to the high
predation of seeds (by ants) and no germination on bare
soil, with only germination occurring within tussocks of S.
tenacissima (Barbera et al., 2006). Thus, the recolonization
of reforested area by this species is very slow. The intro-
duced Pinus halepensis developed poorly (Barbera et al.,
2005) but in the inner part of reforested area its cover was
similar to that of S. tenacissima. The abundance of the two
subdominant shrubs differed in the two habitats. That of
Cistus clusii and other Cistaceae was lower in the reforest-
ed habitat probably because their seed banks only become
highly active after fires (Thanos et al., 1992). In contrast,
Rosmarinus officinalis increased in the open spaces left
by the removal of S. fenacissima during reforestation, as
this species has an active seed bank and good colonization
potential. In summary, reforestation greatly changed the
structure of the grassland, reducing especially the cover of
S. tenacissima and Cistaceae, which were the main taxa in
the original grassland. On a more detailed scale the chan-
ges are gradual, not abrupt. Neither plant species richness
nor the general physiognomy of the vegetation (vertical
structure and overlaying) was significantly affected, as the
poor growth of P. halepensis resulted in a shrub-like struc-
ture not very different from that of the original grassland.

Soil surface was changed greatly by reforestation. The
mechanical preparation of the site broke through the petro-
calcic hardpan and brought large numbers of rocks to the
surface of the soil. Within our study area, the surface of
soil in the grassland characteristically consisted mainly of
a continuous cover of soil with a few rocks on the sur-
face and moderate abundance of stones. Cover of stones
was highest in the ecotone. This can be probably explained
by the disturbance caused by vehicles turning and mano-
euvring between reforestation rows (pers. obs.). Consistent
with this hypothesis is the lower cover of perennial plants
in the ecotone.

Effect of reforestation on ant assemblages

There was higher ant species richness (increase >70%
at the scale of transect x habitat accounting for the whole
year and >50% of pitfall catches at a distance of 60 m
from the ecotone in the spring-summer season) and of total
abundance by > 100% in the reforested area. Nevertheless,
the multivariate analysis (Fig. 12) indicates that the first
trend in variation (axis 1) is unrelated to reforestation and
is characterized by C. auberti differing from the other spe-
cies in occurring in areas with a poor plant species rich-
ness. The second trend in variation indicates that the pit-
fall catches differ in the two habitats and, although there
is overlap this may be a result of a gradual change in the
environment between two habitats. The Adonis test was,
however, significant. In summary, reforestation clearly
changed the ant assemblage.

Previous studies on the transition from grassland to for-
est found a variety of effects: highest species richness at
the ecotone (Downie et al.,1996; Pinheiro et al., 2010),
increasing linear response in species richness from forest
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to grassland (Kotze & Samways, 2001; Yekwayo et al.,
2016), or an increasing linear response in species rich-
ness from grassland to forest (Bieringer & Zulka, 2003),
as in this study. It seems that the response of arthropods to
changes in their habitat resulting from reforestation may be
case- and taxon-specific.

Although patterns at the level of the ant assemblage were
clear (specially for species richness and total abundance),
on a species by species basis they are fuzzier. There are
two possible reasons for this. The most abundant species
(Tapinoma nigerrimum) may be a generalist not affected
by changes induced by reforestation, and the others are
scarce species for which random noise may obscure any
effects. Nevertheless, two species were significantly more
abundant in the grassland, four more abundant in the refor-
ested area, and two in the ecotone. More species responded
positively than negatively to reforestation. The underly-
ing causes of this are mainly related to the changes in the
vegetation and soil. Corley et al.’s (2006) study of the ef-
fects of pine afforestation on arid grasslands dominated by
Stipa spp. on the Patagonian steppe reveals that open forest
plantations have ant assemblages similar to those on na-
tive steppes. Other authors report that scattered presence
of trees or invasion by shrubs of open grassland is associ-
ated with an increase in species richness and abundance
of ants (Bestelmayer, 2005; Azcarate & Peco, 2012). This
may be due to several factors. Reyes-Lopez et al. (2003)
report that some species are more common near trees than
in open areas, suggesting that milder thermal environments
may favour ants. However, a high density of trees on open
grassland has an adverse effect on the ant assemblage
(Reyes-Lopez et al., 2003; Corley et al., 2006).

The results of this study are consistent with an improve-
ment in the conditions for ants in grasslands with scattered
shrubs and/or trees, as in our case. Year-round ant species
richness and the abundances of two species of ants (Cam-
ponotus foreli and Aphaenogaster iberica) were positively
correlated with the cover of P. halepensis, and the cover
of this species is also correlated with axis 2, which segre-
gates pitfall trap results by habitat. Trees are exclusive to
the reforested area, but being widely spread and small they
do not constitute a forest, but shrub land, with no more
vegetation cover than the grassland . But, typically, for the
same cover the biomass is much greater than that of shrubs
and probably the microhabitats associated with trees are
quite different from those associated with S. tenacissima
and dominant shrubs. Not all the effects of the changes
in vegetation were positive. Goniomma blanci was more
abundant in grassland than in the reforested area. Further-
more, the abundance of this species was positively associ-
ated with Fumana thymifolia (a Cistaceae species) in spite
of the low cover of this plant. Goniomma kugleri, another
species of this genus on the Iberian Peninsula is specialized
in harvesting the seeds of Cistaceae (Bastida et al., 2009),
therefore it is very probable that G. blanci is similarly spe-
cialized and this would explain its lower abundance in the
reforested area where the cover of Cistaceae is consider-
ably less than in the grassland.
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Food and nesting space are the most important resources
for ants (Bliithgen & Feldhaar, 2010). A higher cover of
stones and rocks provide more cool shelters for ant nests
(Fernandez-Escudero et al., 1993; Thomas, 2002; Rob-
inson, 2008). Indeed, thermal properties of rocks benefit
ants in two ways: by reducing high temperatures during
hot weather, and by rapid and effective absorption of solar
heat in cold weather, enabling better brood development
(Dean & Turner, 1991; Thomas, 2002). Furthermore, rocks
protect colonies against predators, and in addition the soil
below these stones is moister and therefore easier to ex-
cavate (Dean & Turner, 1991). Reyes-Lopez et al. (2003)
report that in an open forest in Sierra Morena (Spain), the
relationship between availability of stones for nesting and
number of ant nests is positive. Dahms et al. (2010), study-
ing semi-natural grasslands in Sweden, report a positive
relationship between rock cover and ant species richness.
Finally, Friedrich & Philpott (2009) suggest that intraspe-
cific and interspecific competition may be less when there
is an abundance of nest sites.

In the reforestation, the planting of pines was preceded
by mechanical preparation of the site, which resulted in a
major disturbance of the surface properties of the soil. The
petrocalcic horizon in the soil was partially broken, frag-
mented and mixed with the surface horizon. This increased
the frequency of stones and rocks and reduced the cover
of soil. Total ant species richness and total ant abundance
was positively correlated with the number of stones on the
surface of the soil and the segregation by the NMDS analy-
sis (axis 2) of pitfall trap catches by habitat was correlated
with the cover of stones and soil. The abundance of Cam-
ponotus sylvaticus, which is known to shelter under stones/
rocks, is negatively correlated with the cover of soil. More
interestingly, the positive association of ant species rich-
ness and abundance with rock cover occurs in autumn but
not year-round or in spring-summer, indicating a positive
heating effect in cooler seasons.

The reforested area in this study is a more heterogeneous
habitat, especially when jointly considering soil and vege-
tation and not just vegetation. Small-scale habitat complex-
ity influences interspecific competition and resource use in
ant communities, which results in differences among spe-
cies that contribute to resource partitioning and permit sub-
ordinate species to avoid competition resulting in a greater
diversity of ants (Luque & Reyes, 2007). Tews et al. (2004)
introduce the concept of “keystone structures” in terms of
vegetation complexity as a distinct spatial structure, which
provides resources, shelter or “goods and services” crucial
for other species. It would seem that both the abundance
of stones on the surface of the soil and the small size of
the pines in the system studied may match the concept of a
keystone structure for ant assemblages.

CONCLUSIONS

The changes in the vegetation summarised by the de-
crease in the cover of S. tenacissima and Cistaceae, basic
elements in grassland, and an increase in the cover of pine
seems to provide more resources for the ant assemblage.

doi: 10.14411/eje.2018.054

The parallel disturbance of the soil seems to increase the
availability of shelters. Altogether, these changes resulted
in an increase in the richness and abundance of ants. Nev-
ertheless, the positive effect of disturbing soil during refor-
estation is probably not the norm. Most mechanized refor-
estation in the Mediterranean was carried out on hillslopes
and resulted in extensive erosion and large bare patches
that are extremely slowly recolonized by vegetation (espe-
cially on escarpments under terraces), very different from
the gentle slopes studied here.
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Table S1. Full structure and basic statistics of the parameters of the generalized linear mixed models statistically significant according
with the procedures described in the Methods. For each model the link function (transformation of the dependent variable) and the ad-
equate error function is indicated. Figures in the main text are represented after inverting the link function, i.e., on the original scale of the
dependent variable. Signed distance is the distance to the ecotone, with negative sign to the inner reforestation and positive sign for the

inner grassland.

Link function Error function

SOIL VARIABLES

Cover of soll Logit Binomial
Effect Estimate SE DF t Value Pr> |
Intercept 0.08656 0.1396 2 0.62 0.5986
Signed distance to ecotone 0.005765 0.002494 53 2.31 0.0247
Stones Logit Binomial
Effect Estimate SE DF t Value Pr> |
Intercept —-0.2271 0.1666 2 -1.36 0.306
Signed distance to ecotone —0.00098 0.002907 52 -0.34 0.7367
Signed distance to ecotone? —0.00009 0.000042 52 -2.03 0.0472
Rocks Logit Binomial
Effect Estimate SE DF t Value Pr> |
Intercept -3.4364 0.3914 2 -8.78 0.0127
Signed distance to ecotone —-0.01381 0.006405 52 -2.16 0.0358
Signed distance to ecotone? 0.000236 0.000087 52 2.72 0.0087
VEGETATION VARIABLES
Cistus clusii Logit Binomial
Effect Estimate SE DF t Value Pr> |
Intercept -3.1201 0.158 2 -19.75 0.0026
Signed distance to ecotone 0.00757 0.003849 53 1.97 0.0545
Fumana thymifolia Logit Binomial
Effect Estimate SE DF t Value Pr> |
Intercept —7.1428 1.5162 2 —4.71 0.0422
Signed distance to ecotone 0.06106 0.02562 53 2.38 0.0208
Pinus halepensis Logit Binomial
Effect Estimate SE DF t Value Pr> |
Intercept —4.2097 0.5019 2 -8.39 0.0139
Signed distance to ecotone —-0.08226 0.01956 52 —4.21 0.0001
Signed distance to ecotone? —0.00061 0.000192 52 -3.17 0.0026
Rosmarinus officinalis Logit Binomial
Effect Estimate SE DF t Value Pr> |
Intercept —2.0836 0.1214 2 -17.16 0.0034
Signed distance to ecotone —0.0061 0.002584 53 -2.36 0.022
Stipa tenacissima Logit Binomial
Effect Estimate SE DF t Value Pr>|{|
Intercept —0.7936 0.2336 2 -3.4 0.0768
Signed distance to ecotone 0.01034 0.00227 53 4.56 <0.0001
Chamaephytes cover Log Poisson
Effect Estimate SE DF t Value Pr> |
Intercept —0.9466 0.366 2 -2.59 0.1226
Signed distance to ecotone 0.01771 0.005334 53 3.32 0.0016
Total vegetation cover Logit Binomial
Effect Estimate SE DF t Value Pr> |t
Intercept 0.0154 0.1798 2 0.09 0.9396
Signed distance to ecotone 0.003515 0.002477 52 1.42 0.1618
Signed distance to ecotone? 0.000081 0.00004 52 2.01 0.0501
ANT ASSEMBLAGE VARIABLES
Total ant abundance Log Normal
Effect Estimate SE DF t Value Pr> |t
Intercept 0.1828 0.1357 2 1.35 0.3102
Signed distance to ecotone —0.00505 0.001875 230 -2.69 0.0076
May 1.6267 0.1306 230 12.45 <0.00001
August 1.4429 0.1306 230 11.05 <0.00001
November 0
February 0.1715 0.1306 230 1.31 0.1906
Ant richness (pitfall scale) Log Poisson
Effect Estimate SE DF t Value Pr> |
Intercept —1.5581 0.2857 2 -5.45 0.032
Signed distance to ecotone —0.00363 0.001786 230 -2.03 0.0432
May 2.3909 0.2898 230 8.25 <0.00001
August 2.2713 0.2913 230 7.8 <0.00001
November 0
February 0.7309 0.3376 230 1.31 0.0314
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Table S1 (continued).

Link function Error function

ANT SPECIES ABUNDANCE

Aphaenogaster iberica (year round) Log Normal
Effect Estimate SE DF t Value Pr> |
Intercept 0.1239 0.04614 2 2.68 0.1153
Signed distance to ecotone —-0.00307 0.001064 53 -2.88 0.0057

Aphaenogaster iberica (spring)
Effect Estimate SE DF t Value Pr> |t Log Normal
Intercept 0.04235 0.02188 2 1.94 0.1925
Signed distance to ecotone —-0.00111 0.000504 53 -2.21 0.0317

Aphaenogaster iberica (summer)
Effect Estimate SE DF t Value Pr> |t Log Normal
Intercept 0.09404 0.04093 2 23 0.1484
Signed distance to ecotone —0.00255 0.000944 53 -2.71 0.0091

Camponotus foreli (year round)
Effect Estimate SE DF t Value Pr>|{|
Intercept 0.2177 0.0493 2 4.42 0.0476 Log Normal
Signed distance to ecotone —0.00303 0.001083 53 -2.8 0.0072

Camponotus foreli (summer)
Effect Estimate SE DF t Value Pr> | Log Normal
Intercept 0.1543 0.05477 2 2.82 0.1063
Signed distance to ecotone —-0.00105 0.001025 52 -1.02 0.3121
Signed distance to ecotone? —0.00004 0.000018 52 -2.07 0.0438

Camponotus sylvaticus (year round) Log Normal
Effect Estimate SE DF t Value Pr>|{|
Intercept 0.1003 0.03736 2 2.69 0.1152
Signed distance to ecotone —-0.003 0.000861 53 -3.49 0.001

Camponotus sylvaticus (spring) Log Normal
Effect Estimate SE DF t Value Pr> |t
Intercept -0.03149 0.04515 2 -0.7 0.5577
Signed distance to ecotone —-0.00115 0.000823 52 -1.39 0.1694
Signed distance to ecotone? 0.000049 0.000018 52 2.75 0.0082

Goniomma blanci (year round) Log Normal
Effect Estimate SE DF t Value Pr> |t
Intercept 0.1873 0.06286 2 2.98 0.0966
Signed distance to ecotone 0.00283 0.001332 53 213 0.0383

Goniomma blanci (spring) Log Normal
Effect Estimate SE DF t Value Pr> |t
Intercept 0.1759 0.06221 2 2.83 0.1056
Signed distance to ecotone 0.002875 0.001317 53 218 0.0334

Plagiolepis schmitzii (summer) Log Normal
Effect Estimate SE DF t Value Pr> |t
Intercept 0.3315 0.06705 2 4.94 0.0386
Signed distance to ecotone 0.003211 0.001541 53 2.08 0.0421

Temnothorax racovitzai (year round) Log Normal
Effect Estimate SE DF t Value Pr> |t
Intercept 0.02044 0.01579 2 1.29 0.3249
Signed distance to ecotone —-0.00077 0.000364 53 -2.11 0.0392

Temnothorax racovitzai (summer) Log Normal
Effect Estimate SE DF t Value Pr> |t
Intercept 0.02044 0.01579 2 1.29 0.3249
Signed distance to ecotone -0.00077 0.000364 53 -2.1 0.0392

Tetramorium semilaeve (year round) Log Normal
Effect Estimate SE DF t Value Pr> |
Intercept 0.1242 0.05274 2 2.35 0.1427
Signed distance to ecotone —-0.00151 0.000777 52 -1.94 0.0579
Signed distance to ecotone? —0.00003 0.000016 52 -2.15 0.0359

Tetramorium semilaeve (summer) Log Normal
Effect Estimate SE DF t Value Pr> |t
Intercept 0.06498 0.04011 2 1.62 0.2466
Distecotono 0.000093 0.000672 52 0.14 0.8899
Distecotono2 —0.00002 9.36E-06 52 —2.36 0.022
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Table S2. Spearman’s correlation coefficients and false discovery rate (FDR) between environmental variables and ant assemblage variables significantly
changing between habitats. The threshold for FDR of Benjamini-Hochberg was set to 0.2 (see Methods). According this all the values of FDR <0.2 are con-
sidered statistically significant. Cisclu — Cistus clusii; Fumthy — Fumana thymifolia; Pinhal — Pinus halepensis; Rosof — Rosmarinus officinalis; Stiten — Stipa
tenacissima; Tab — Total abundance; Aphibe — Aphaenogaster iberica; Camfor — Camponotus foreli; Camsyl — Camponotus sylvaticus; Gonbla — Goniomma
blanci; Plasch — Plagiolepis schmitzii; Temrac — Temnothorax racovitzai, Tetsem — Tetramorium semilaeve.

Spearman’s correlation coefficient TAb_Y TAb_Su TAb_W TAb_Sp TAb_Au Aphibe_Y  Aphibe_Su Aphibe_Sp
Chamaephytes —-0.08 -0.07 0.02 -0.05 -0.05 —-0.08 -0.08 -0.05
Cisclu —-0.08 —-0.08 -0.14 -0.05 -0.07 -0.04 -0.03 -0.11
Perennial vegetation 0.01 0.02 0.02 —-0.01 -0.07 0.09 0.08 0.06
Fumthy -0.05 —-0.02 0.11 0.04 —-0.02 -0.11 -0.07 -0.07
Stones 0.05 0.02 —-0.02 0.12 0.00 0.00 -0.08 0.10
Pinhal 0.07 0.07 0.02 0.15 0.05 0.03 0.04 0.20
Rocks 0.07 —-0.03 0.04 0.08 0.04 0.08 0.08 0.09
Rosof -0.07 —-0.07 -0.10 —-0.06 0.03 0.10 0.09 0.12
Stiten 0.02 0.02 0.07 0.00 —-0.06 —-0.03 -0.03 -0.01
Cover of soil —0.05 —0.05 0.08 -0.14 -0.11 —0.03 0.06 -0.14

FDR values TAb_Y TAb_Su TAb_W TAb_Sp TAb_Au Aphibe_Y  Aphibe_Su  Aphibe_Sp
Chamaephytes 0.56 0.32 0.91 0.80 0.95 0.86 0.62 0.79
Cisclu 0.44 0.45 0.91 0.80 0.95 0.88 0.80 0.79
Perennial vegetation 0.92 0.89 0.91 0.98 0.95 0.86 0.62 0.79
Fumthy 0.82 0.06 0.91 0.88 0.95 0.86 0.62 0.79
Stones 0.17 0.06 0.91 0.80 0.98 1.00 0.62 0.79
Pinhal 0.33 0.58 0.91 0.80 0.95 0.10 0.10 0.79
Rocks 0.56 0.89 0.91 0.80 0.16 0.86 0.62 0.79
Rosof 0.56 0.45 0.91 0.80 0.95 0.86 0.62 0.79
Stiten 0.90 0.89 0.91 0.98 0.95 0.88 0.80 0.92
Cover of soil 0.17 0.18 0.91 0.80 0.59 0.88 0.80 0.79

Spearman’s correlation coefficient Camfor_Y Camfor_ Su  Camfor_Sp Camsyl Y Camsyl Sp Gonbla_ Y Gonbla Sp Plasmi_Su
Chamaephytes -0.06 0.03 -0.09 -0.05 -0.06 0.04 0.07 0.07
Cisclu —-0.05 —-0.09 —-0.05 —-0.06 —-0.06 -0.02 0.01 -0.07
Perennial vegetation -0.08 —-0.09 -0.03 -0.06 -0.04 0.04 0.06 -0.02
Fumthy -0.11 —-0.08 -0.08 -0.05 -0.05 0.00 0.00 -0.02
Stones 0.06 0.10 0.05 0.06 0.05 —0.06 -0.07 0.04
Pinhal 0.06 0.08 0.06 0.06 0.05 —-0.06 —-0.06 -0.07
Rocks 0.05 —-0.04 0.05 0.06 0.04 —-0.04 -0.06 -0.07
Rosof —-0.01 -0.11 0.07 —-0.05 —-0.05 —0.06 —-0.06 -0.07
Stiten -0.10 —-0.07 —-0.06 -0.05 -0.05 0.06 0.07 0.06
Cover of soil —0.09 —0.06 —0.08 —0.06 —0.05 0.05 0.06 0.05

FDR values Camfor_Y Camfor_Su  Camfor_Sp Camsyl Y Camsyl Sp Gonbla_Y Gonbla_Sp Plasmi_Su
Chamaephytes 0.65 0.85 0.48 0.57 0.30 0.14 0.28 0.47
Cisclu 0.17 0.68 0.19 0.31 0.42 0.86 0.90 0.56
Perennial vegetation 0.63 0.68 0.84 0.21 0.17 0.74 0.54 0.87
Fumthy 0.52 0.68 0.48 0.41 0.54 0.00 0.00 0.87
Stones 0.65 0.68 0.76 0.38 0.50 0.22 0.28 0.87
Pinhal 0.17 0.68 0.19 0.31 0.26 0.26 0.33 0.34
Rocks 0.65 0.85 0.76 0.31 0.17 0.74 0.54 0.22
Rosof 0.94 0.68 0.76 0.41 0.30 0.65 0.54 0.27
Stiten 0.63 0.68 0.76 0.22 0.50 0.65 0.43 0.72
Cover of soil 0.63 0.68 0.48 0.21 0.17 0.26 0.29 0.72

Spearman’s correlation coefficient Richness Su Richness Wi Richness Sp Richness Au Richness Y Temrac Y Temrac Su Tetsem Y
Chamaephytes —-0.09 0.02 -0.08 -0.04 -0.06 -0.07 -0.07 0.01
Cisclu -0.10 -0.14 -0.06 -0.07 —-0.03 —-0.08 —-0.08 0.00
Perennial vegetation 0.04 —-0.01 0.01 -0.06 -0.05 0.06 0.06 -0.10
Fumthy -0.04 0.07 0.01 -0.03 -0.07 —-0.04 -0.04 -0.07
Stones 0.04 0.04 0.07 -0.01 0.02 0.06 0.06 0.09
Pinhal 0.04 0.04 0.04 0.05 0.00 0.03 0.03 0.09
Rocks -0.04 0.07 0.07 0.04 0.05 0.08 0.08 0.10
Rosof -0.07 —-0.09 0.06 0.03 0.03 0.06 0.06 0.08
Stiten -0.01 0.03 -0.05 -0.05 -0.07 —-0.02 -0.02 -0.13
Cover of soil —0.07 0.03 —0.06 -0.11 —0.01 —0.07 —0.07 —0.09

FDR values Richness_Su Richness Wi Richness Sp Richness Au Richness Y Temrac Y Temrac_Su Tetsem_Y
Chamaephytes 0.68 0.92 0.70 0.91 0.55 0.52 0.52 0.97
Cisclu 0.62 0.92 0.28 0.91 0.11 0.45 0.45 0.97
Perennial vegetation 0.99 0.96 0.98 0.91 0.67 0.52 0.52 0.69
Fumthy 0.14 0.92 0.98 0.91 0.49 0.69 0.69 0.69
Stones 0.14 0.92 0.70 0.94 0.05 0.52 0.52 0.37
Pinhal 0.14 0.92 0.10 0.91 0.01 0.10 0.10 0.69
Rocks 0.99 0.92 0.28 0.14 0.21 0.42 0.42 0.69
Rosof 0.91 0.92 0.78 0.91 0.77 0.27 0.27 0.69
Stiten 0.99 0.92 0.84 0.91 0.49 0.84 0.84 0.65
Cover of soil 0.29 0.92 0.28 0.60 0.04 0.48 0.48 0.37

Spearman’s correlation coefficient Tetsem Su
Chamaephytes 0.04
Cisclu -0.02
Perennial vegetation -0.07
Fumthy -0.05
Stones 0.18
Pinhal 0.02
Rocks -0.05
Rosof 0.06
Stiten -0.13
Cover of soil -0.12

FDR values Tetsem_Su
Chamaephytes 0.85
Cisclu 0.86
Perennial vegetation 0.83
Fumthy 0.83
Stones 0.83
Pinhal 0.86
Rocks 0.83
Rosof 0.83
Stiten 0.83
Cover of soil 0.83
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Fig. S3. Ant species abundance. Expected values from models on
Table S1. A-spring; B — summer. Aphibe — Aphaenogaster iberica;
Camfor — Camponotus foreli; Camsyl — Camponotus sylvaticus;
Gonbla — Goniomma blanci; Plasch — Plagiolepis schmitzii; Tetsem
— Tetramorium semilaeve.
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