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Abstract

Ant diversity and community structure in Greek olive orchards are under-researched, with
only one study conducted to date, despite the extensive area occupied by olive orchards and
their agronomic, ecological, and socioeconomic importance. In this study, we provide the
first data on both ant assemblages and functional groups in Greek olive orchards. The study
was designed to capture variation in ant diversity associated with management systems
(MS) and agroecological zones (AZ). Ants were collected monthly for two consecutive years,
using pitfall traps from 16 olive orchards, eight of which implemented Green Infrastructure
(GI). A total of 32 ant species belonging to 12 genera and seven functional groups were
recorded. Opportunists (OPP) and Generalised Myrmicinae (GM) were the dominant
functional groups. Organic green-infrastructure-enhanced orchards had statistically sig-
nificantly higher exponential Shannon diversity than conventional orchards, whereas ant
worker captures, species richness, sample-based y-diversity, species composition, and the
proportions of major functional groups did not differ between management systems. Agroe-
cological zone significantly affected ant worker captures and species composition, with
higher captures recorded in hilly than in plain olive orchards. In contrast, sample-based
v-diversity, species richness and effective Shannon diversity did not differ between zones.
Strong interannual variation was observed, with both ant worker captures and species
richness being significantly higher in the second sampling year, while effective Shannon
diversity remained stable between years. Overall, olive orchards support diverse and func-
tionally complex ant communities, including both widespread and endemic species. These
findings highlight the dual role of olive orchards as productive agricultural systems and
reservoirs of biodiversity. The adoption of Green Infrastructure, together with low-intensity
management and the maintenance of habitat heterogeneity, could further enhance the role
of olive orchards in supporting biodiversity and ecological processes across the landscape.

Keywords: Formicidae; olive orchards; ant diversity; management systems; green
infrastructure; agroecological zone; agroecosystem; functional groups; pitfall trapping; Crete

1. Introduction

Olive orchards represent one of the most characteristic and widespread agroecosys-
tems in the Mediterranean Basin, shaping both landscape and rural economies, and sup-
porting the livelihoods of over 500 million inhabitants [1,2]. Greece is among the leading
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olive-producing countries, and Crete is one of its most important olive-growing regions,
accounting for around 40% of the country’s olive orchard area and production [3]. Beyond
their economic significance, olive orchards constitute anthropogenic habitats that can sup-
port considerable arthropod diversity, thereby contributing to regional biodiversity and
ecosystem functioning [4-7]. As a major driver of land use in the Mediterranean region,
olive production has increasingly adopted industrialised practices, reflecting the broader
trend of agricultural intensification [5]. This shift has contributed to a marked loss of
flora and fauna biodiversity within olive orchard agroecosystems, as well as to additional
environmental impacts [8].

Green Infrastructure (GI) has been proposed as an effective management strategy
to enhance habitat heterogeneity and promote biodiversity, and support the provision of
agroecosystem services [9-11]. In olive orchard agroecosystems, GI refers to a planned
network of natural and semi-natural landscape elements—such as trees, shrubs, and
aromatic plants; herbaceous vegetation; hedgerows; stone and wooden (brush-pile) refugia;
and ponds—integrated within and around olive orchards. These elements, combined
with agroecological and sustainable farming practices, support biodiversity, enhance the
provision of agroecosystem services, and reduce habitat fragmentation [12].

Among the arthropod taxa associated with olive orchards, ants (Formicidae) are par-
ticularly important due to their ecological dominance and multifunctional role within
agroecosystems. Several studies have shown that ants constitute one of the most abundant
arthropod groups in olive orchard agroecosystems [4,6,7,13]. Understanding ant commu-
nities in agroecosystems is crucial for biodiversity conservation and the maintenance of
ecosystem functioning [14,15].

Ants provide a wide range of agroecological services, including improving soil
porosity, fertility, and overall soil health, as well as contributing to pollination in some
cases [16]. Ants are also recognised as important natural biological control agents in olive
orchards [16-22]. Several studies have demonstrated that they contribute to the suppression
of agricultural pests, including the olive fruit fly (Bactrocera oleae), by preying on vulnerable
life stages present in the soil [23-26]. Similar observations have been reported in Californian
olive orchards, where ants were identified as the most abundant predators of olive fruit fly
pupae [27]. Ants are omnivorous, acting both as predators and as collectors of sugar-rich
secretions produced by insects [28,29]. Notably, Tapinoma nigerrimum (Nylander, 1856) is
a generalist predator that preys on various olive pests, including the olive moth (Prays
oleae) and the olive fruit fly (Bactrocera oleae) during the pupal stage [18,21,30]. Moreover,
Crematogaster scutellaris (Olivier, 1792) has been identified as an effective natural enemy of
Otiorhynchus weevils and the olive leaf miner Dasineura oleae [20]. Furthermore, ants can
contribute to seed dispersal in terrestrial ecosystems, including olive orchards, particularly
by dispersing the seeds of herbaceous plants and ground-cover species. This process can
enhance floristic diversity and ecological stability in these agroecosystems [31,32].

The ant assemblages in Mediterranean olive orchards, particularly those in Spain,
Portugal, and Italy, have been studied extensively with a focus on biological control and
the effects of management practices [6,17,19,21,33,34]. Studies from other Mediterranean
regions further underline the importance of understanding ant assemblages in olive or-
chards. For example, a recent study conducted in Algeria explored species richness and
the functional structure of ant communities, providing a comparative context for Mediter-
ranean agroecosystems [35]. In Greece, olive orchards have been the subject of numerous
entomological studies, primarily focusing on economically important pests, such as the
olive fruit fly, as well as beneficial arthropods and the effects of orchard management on
arthropod communities [4,5,7,36-47]. However, only one study has investigated ants in
Greek olive orchards, examining just two orchards over a limited sampling period, and
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identifying ants only to the genus level [48]. This limited evidence highlights the need for
comprehensive assessments of ant diversity, community structure, and functional groups
in Greek olive orchards.

Comprehensive faunistic surveys provide an essential baseline for documenting
species diversity and community composition, supporting subsequent ecological, bio-
geographical, and conservation research [49].

Furthermore, to the best of our knowledge, no published study has investigated ant
communities in olive orchards managed under Green Infrastructure (GI). This represents an
important research gap given the alignment of GI-based management with the objectives
of the European Union Common Agricultural Policy (CAP), the European Green Deal, the
Farm to Fork Strategy, the Biodiversity Strategy for 2030, and the Soil Strategy for 2030.

Crete’s landscape is strongly shaped by olive cultivation, with approximately 25%
of the island’s area covered by olive orchards [50]. More specifically, olive orchard agroe-
cosystems in Crete comprise a mosaic of abandoned, organic, intensive, and traditional
management systems (MSs), distributed across plain and hilly agroecological zones (AZs).
However, the effects of management practices and agroecological conditions on ant diver-
sity in Cretan olive orchards remain poorly understood. To address this knowledge gap,
we investigated ant diversity and assemblage patterns in Cretan olive orchards using data
collected during a two-year pitfall-trapping survey across different MSs, AZs, and sampling
years. The aim of the study was to investigate the effects of management system (MS) and
agroecological zone (AZ) on ant diversity in olive orchards. Specifically, we tested the
hypothesis that ant assemblages differ between olive orchards with different management
and agroecological conditions, and that organically managed orchards implementing Green
Infrastructure would support greater ant diversity than conventional orchards.

2. Materials and Methods
2.1. Study Area and Orchard Selection

The study area was located in two agroecological zones (hilly and plain) within
the western Messara Valley (35.037705° N, 24.833940° E), approximately 40 km south of
Heraklion, Crete, Greece, in a representative olive-growing region in southern Crete [43].

The selected olive orchards represented a broad elevational gradient, ranging from
51 to 261 m above sea level, encompassing both plain and hilly agroecological zones. The
zones differ in elevation, terrain, abiotic factors (soil type and fertility, rainfall, temperature,
and humidity) and biotic communities (fauna and flora), while management intensity also
varies among olive orchards within and between zones. Cultivation in the hilly zone is
considered less suitable for intensive farming practices and inputs due to the limitations
posed by the terrain and pedoclimatic conditions [43,51,52].

The survey was conducted in 16 selected olive orchards, eight of which implemented
Green Infrastructure (GI) and complied with organic standards in accordance with Euro-
pean Union (EU) legislation (Regulation (EU) 2018/848) [53]. The remaining eight orchards
followed the EU Common Agricultural Policy (CAP) framework for conventional farming.
The organic orchards implementing Green Infrastructure incorporated both GI elements
and agroecological management practices. For clarity, the selected olive orchards were
assigned unique identification codes, with the letter “O” indicating organically managed
orchards implementing Green Infrastructure (GI) and “C” indicating conventionally man-
aged orchards. The orchards 4-O, 6-O, 8-O, 12-C, 15-C, and 16-C were located in the plain
agroecological zone, whereas orchards 1-O, 2-O, 3-O, 5-O, 7-O, 9-C, 10-C, 11-C, 13-C, and 14-
C were located in the hilly agroecological zone (Figure 1). Furthermore, the olive orchards
were situated adjacent to Natura 2000 sites, including both Special Areas of Conservation
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(SACs) and Special Protection Areas (SPAs), and therefore they may provide important
semi-natural habitats within the surrounding landscape.
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Figure 1. Geographical distribution of the 16 surveyed olive orchards in western Messara, Crete,
Greece. The dots indicate the surveyed orchards. Ellipses represent the distinct locations of the sur-
veyed olive orchards, and the agroecological zones are visualised by differentiation of ellipse colour.

The selected orchards ranged in size from 0.17 to 1.00 ha (mean: 0.53 ha), consistent with
the small-scale structure of olive farming in Greece [54]. The total sampling area across all
surveyed olive orchards was 8.0 ha. Orchards were selected following discussions with local
stakeholders and on the basis of previous research carried out in the area [4,5,42,43,45,51,55,56].
The average distance between neighbouring orchards in each location was 150 m, and the
minimum distance between orchard locations was 1 km. The average tree planting density
was 7 x 7 m, corresponding to an average density of 204 trees ha=1.

The surveyed olive orchards were characterised by a herbaceous understory layer
dominated by Oxalis pes-caprae and Capparis spinosa, with additional species belonging
to the families Poaceae, Asteraceae, and Fabaceae [57]. The vegetation exhibited clear
seasonal variation in both composition and species richness. During spring (wet season),
mean species richness was 35 species per orchard, with Oxalis pes-caprae and grass species
such as Cynodon dactylon and Avena spp. as the dominant taxa. During the dry season,
mean species richness decreased to 10 species per orchard, and the vegetation was mainly
composed of drought-tolerant species, including Capparis spinosa, Cynodon dactylon, Oloptum
miliaceum, and Setaria verticillata. Ground vegetation height also varied seasonally and
with orchard management practices. During the wet season, herbaceous vegetation was
generally well developed, reaching approximately 20-40 cm in height. In contrast, during
the dry season, vegetation height was typically reduced to around 10 cm due to seasonal
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drought and soil-cover management practices (e.g., mowing or tillage). Ground vegetation
cover therefore varied among orchards in association with the management practices
applied by individual farmers.

This research was conducted within the framework of the LIFE IGIC project “Improve-

ment of Green Infrastructure in agroecosystems: reconnecting natural areas by countering
habitat fragmentation (LIFE16 NAT/GR/000575)” [12].

2.2. Ant Sampling and Identification

Ant specimens were collected monthly using pitfall traps over a two-year period
(March 2023-February 2025). Within the 16 sampling orchards, permanent monitoring
stations were randomly established at a density of 10 stations per hectare, with a minimum
of five stations per orchard. Each sampling station consisted of one pitfall trap (Figure 2).
Traps were installed beneath the canopy of olive trees to obtain a representative sample
of ground-dwelling ants, following the methodology used in previous studies [4,6,7]. The
distance between traps within each orchard ranged from 25 to 50 m, depending on orchard
size [58]. The traps were colourless plastic containers measuring 9 cm in diameter and
12 cm in height, covered with a protective roof (stone tile), filled with propylene glycol,
and installed flush with the soil surface with minimal terrain disturbance. Protective
roofs were used to reduce the removal of captured specimens by predators and to prevent
flooding during rainfall. Each pitfall trap remained at the same sampling station and was
replaced with a new trap monthly throughout the study period. In total, 24 surveys were
conducted. The samples were transported to the laboratory and sieved to remove debris
and inorganic materials.

o e : , (b)

Figure 2. (a) Olive orchard with Green Infrastructure (GI); (b) pitfall trap used for ant sampling ©
LOVAPS Lab, HMU.

Specimens were identified using a stereomicroscope (Olympus DSX1000 digital mi-
croscope) (Olympus Corporation, Tokyo, Japan) based on morphological characteristics
and following the identification keys of Borowiec and Salata [59-62]. Ant specimens were
collected and identified by the research team, with species-level identification performed
by A.L.

To characterise the functional diversity of ants in olive orchard agroecosystems, species
were assigned to functional groups according to the classification system developed by
Hoffmann and Andersen [63]. Each species was assigned to the functional group associated
with its genus in the published classification. The functional-group classification proposed
by Hoffmann and Andersen has been widely applied in ecological studies of ant communi-
ties as a framework for analysing community structure and responses to environmental
disturbance and facilitating comparisons among studies [64—67]. No new functional group
assignments were developed in the present study.
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2.3. Data Analysis

Data collected during each survey were organised and analysed using Microsoft Excel
(Microsoft Office). Descriptive statistics were used to calculate species richness and relative
abundance for each orchard, as well as total species abundance for each management
system and agroecological zone.

Species frequency was calculated using Equation (1):

Species Frequency (%) = (Number of olive orchards in which a taxon

1
occurred / Total number of olive orchards surveyed) x 100 M
Relative species abundance was calculated using Equation (2):
Relative species abundance = (Number of individuals of a taxon/Total @)

number of ant individuals) x 100

Total abundance was calculated for each management system (MS) and agroecological
zone (AZ) using Equations (3) and (4), respectively:

Total abundance of each MS = Number of individuals recorded in each

)

management system (organic/GI, conventional)

Total abundance of each AZ = Number of individuals recorded in each )

agroecological zone (hilly, plain)

Different analytical units and levels of data aggregation were used according to the
ecological response variable. For ant worker captures and species richness, the analytical
unit was the individual pitfall-trap at each monthly sampling-occasion (month x year) level.
Because the same traps were sampled repeatedly throughout the study, these observations
represented repeated measurements over time, with trap identity nested within orchard
identity accounted for in the statistical models. For effective Shannon diversity, exp(H’), all
valid trap samples collected during the 24 monthly sampling occasions were pooled within
each orchard to obtain one cumulative species-abundance vector per orchard; therefore,
the orchard was the analytical unit. Exponential Shannon diversity, exp(H'), was evaluated
cumulatively at the orchard level, as follows:

S
exp(H') = exp (—Z piln m) )
i=1

where p; is the relative abundance of species i, and S is the total number of species in the
assemblage. Unlike Shannon entropy (H'), exp(H’) is expressed as the effective number of
equally abundant species. For sample-based y-diversity, each valid pitfall-trap sample at
each monthly sampling occasion was treated as an incidence sampling unit, with worker
counts converted to species presence/absence. For species composition, all valid trap
samples and monthly sampling occasions were pooled within each orchard to obtain
one cumulative species presence/absence assemblage; therefore, the orchard was the
analytical unit.

Ant worker captures were analysed using negative-binomial generalised linear mixed
models (NB2 GLMMs), while species richness was analysed using generalised Poisson
GLMMs, both with a log link. For comparisons between management systems and agroe-
cological zones, the corresponding explanatory variables and sampling occasion were
included as fixed effects. Sampling occasion was defined by the 24 monthly sampling
occasions spanning the study period. Orchard identity and trap identity nested within
orchard were included as random intercepts to account for the hierarchical and repeated-
measures structure of the data. Sampling-year effects were analysed using year and month
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as fixed effects with the same random-effects structure. Pairwise contrasts were expressed
as response ratios with 95% confidence intervals.

Effective Shannon diversity was expressed as exp(H’), corresponding to the Hill num-
ber of order g = 1. All valid monthly trap samples were pooled within each orchard to
obtain one cumulative species-abundance vector per orchard, from which exp(H') was
calculated. For management-system and agroecological-zone comparisons, exp(H') values
were compared using independent-samples Student’s t-tests. For sampling-year compar-
isons, cumulative species-abundance vectors were calculated separately for each orchard
and year, and the resulting paired exp(H') values were compared using a Wilcoxon signed-
rank test.

The proportional representation of major functional groups of ants was analysed using
beta-binomial GLMMs with a logit link. Analyses were restricted to non-empty pitfall-trap
samples. For each functional group, the responses were formulated as the number of
workers belonging to that given group versus the number of workers belonging to all other
functional groups in the same sample. Management system and sampling occasion were
included as fixed effects, while orchard identity and trap identity nested within orchard
identity were included as random intercepts. Contrasts were expressed as odds ratios with
95% confidence intervals.

Sample-based y-diversity was compared between organic and conventional man-
agement systems and between hilly and plain agroecological zones using iNEXT. Each
valid pitfall-trap sample at each sampling occasion represented an incidence sampling unit,
and worker counts were converted to species incidence (presence/absence). Completely
missing trap samples that were lost or damaged were excluded from the analysis.

Species composition was analysed at the orchard level. All valid trap samples and
monthly sampling occasions were pooled within each orchard, and species records were
converted to presence/absence. Jaccard dissimilarities were calculated and used for two-
dimensional non-metric multidimensional scaling NMDS ordination to visualise differences
in species composition. Separate PERMANOVA analyses were conducted to test the effects
of management system and agroecological zone, using 9999 permutations. Homogeneity of
multivariate dispersion was evaluated using PERMDISP to determine whether differences
detected by PERMANOVA could be attributable to differences in within-group dispersion.

All statistical analyses were performed in R (R Core Team, Vienna, Austria; version
4.6.0), using the packages glmmTMB, vegan, emmeans, DHARMa, and iNEXT, and statisti-
cal significance was accepted at p < 0.05.

3. Results

A total of 32 species belonging to 12 genera were recorded in the 16 olive orchards
(Table 1, Figure 2). Functional-group composition was dominated by Opportunists (OPP)
and Generalised Myrmicinae (GM), which together accounted for the largest proportion
of total ant abundance. Subordinate Camponotini (SC), Dominant Dolichoderinae (DD),
and Hot Climate Specialists (HCS) were also frequently recorded and showed intermediate
levels of abundance. In contrast, cryptic species (CRY) and Cold Climate Specialists (CCS)
were represented by fewer species and lower abundances and occurred in fewer of the
surveyed orchards.
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Table 1. Occurrence, total abundance, relative abundance, frequency, and functional groups of ant species recorded across the 16 olive orchards.
Olive Orchards Total I;elat.ive Species F .
. . N N ecies unctional
Subfamily Species Organic Conventional Abun- Xbun- Frequency Group
0, 0,
10 20 30 40 50 60 70 80 9C 10-C 11-C 12-C 13-C 14-C 15C 16-C dance dance (%) () (%)
Aphaenogaster
simonellii gEmery, + + + + + + + + + + + + + + + + 21,059 22.429 100 OPP.
1894)
Aphaenogaster
subterraneoides + - - + + + + + - + - + + - + + 622 0.662 75 OPP.
(Emery, 1881)
Aphaenogaster
rugosoferruginea + - - + - - + + - - - - - - - + 330 0.351 31 OPP.
Forel, 1889)
Cardiocondyla
dalmatica var T - + - + - - - 18 0.019 31 OPP.
elegans (Soudek, : :
1925)
Chalepoxenus muelle- - _ L - + - + - + + 75 0.080 50 ccs
rianus (Finzi, 1922) ’
Crematogaster
sordidula + + - - + + - + - + + + - - + + 69 0.073 63 GM
(Nylander, 1849)
Crematogaster ionia _ B B _ B B B ~ _ B B B
Complex + + + + 47 0.050 25 GM
Myrmicinae ;
Y A(/Ilgisa‘gszgsﬁq%';l + + + + + + + + + + + + + + + - 2128 2.266 94 HCS
Messor mcarthuri
(Steiner et al., 2018) + - + + + - + + + + + + + + + + 999 1.064 88 HCS
Monomorium
creticum (Emery, + + + + + + + + + + + + + + + + 10,974 11.688 100 GM
1895)
Monomorium
bicolor (Emery, - - - - - - - + - + - + + - - - 215 0.229 25 GM
1877)
P heiggl;;; allelidula + + + + + + + + + + + + + + + + 34,157 36.379 100 GM
Solenopsis cf.
santschii (Forel, - - - - + - - - - + - - + - - - 41 0.044 19 CRY
1905)
Strumigenys
membranifera - - - - - + + - + - - - - - + + 6 0.006 31 CRY
(Emery, 1869)
Temnothorax exilis B . B B B B . + + B B B B B B B 23 0.024 31 ccs

(Emery, 1869)
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Table 1. Cont.
Olive Orchards Relative .
. . . . Total Species Species Functional
Subfamily Species Organic Conventional Abun- Abun- Frequency Group
-0 20 30 40 50 60 70 80 9C 10-C 11-C 12-C 13-C 14-C 15-C 16-C dance dance (%) (%) (%)
Tetramorium spp.
(Mayr, 1855) (T.
kephalosi + T. + + + + + + + + + + + + + + + + 5791 6.168 100 OPP.
Myrmici hippocratis + T.
yrmicinae punctatun)
Trichomyrmex
perplexus + + - + + - + - + - + + - - - - 63 0.067 50 GM
(Radchenko, 1997)
Camponotus baldacii
(Emery, 1908) + + + + + + + + + + + - + + + + 2334 2.486 94 SC
Camponotus kiesen-
wetteri (Roger, 1859) - + + + + + + + + + + - - - + - 162 0.173 69 SC
Camponotus lateralis
(Olivier, 1792) - - + + - + + + - - - + - - + + 60 0.064 50 SC
Camponotus gestroi _ _ _ B _ _ B B ~ ~ ~
(Emery, 1878) + + + + + 13 0.014 31 SC
Camponotus can-
N diotes (Emery, 1894) - - - - - + + + - + - - - - + + 9 0.010 38 SC
Formicinae Tasi -
asius creticus
(Seifert, 2020) - - - - - - + + - + - - - - - + 53 0.056 25 CCs
Lepisiota nigra
(Dalla Torre, 1893) + + - + + + + + + + + + + + + + 6206 6.610 94 OPP.
LePéls\j[“;;f” Taed™ ND ND ND ND + ND ND ND + ND ND ND ND ND ND ND ND ND ND OPP,
Plagiolepis spp.
(Mayr, 1861) + + + + + + + + + + + + + + + + 4906 5225 100 OPP.
(P.pygmaea +
P.pallescens)
Dolichoderinae T?ﬁ?;‘;";gsigg?i + + + + + - + + + + + + + + + + 3523 3.752 94 DD
Cryptopone ochracea B B B B B _ _ B B B B ) } ) _
. (Miyr, 1855) i 4 0.004 6 CRY
Ponerinae e Tuardi
ypoponera eduardi _ _ B B _ _ _ B B _ _
(Forel, 1894) + + + + 6 0.006 25 CRY
Speciesrichness 47 15 13 14 13 14 20 20 16 19 17 15 16 10 18 19

per olive orchard

Abbreviations: +, species present; -, species absent; ND, species not included in the species-level identification; O, organically managed orchard implementing
Green Infrastructure; C, conventionally managed orchard; CRY, cryptic species; CCS, Cold Climate Specialists; DD, Dominant Dolichoderinae; GM, Generalised
Myrmicinae; HCS, Hot Climate Specialists; OPP, Opportunists; SC, Subordinate Camponotini.
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3.1. Taxonomic and Ecological Remarks
3.1.1. Subfamily Myrmicinae

Genus Aphaenogaster Mayr, 1853

Aphaenogaster simonellii (Emery, 1894)—native species: The most common species
recorded in olive orchards. It nests in the soil under the canopies of olive trees. Workers
forage individually on the ground, among herbaceous vegetation, and at the bases of trees
and shrubs. Workers were observed accumulating olive petals around their nests. It is an
opportunistic species that feeds on dead and live arthropods and seeds [68].

Aphaenogaster rugosoferruginea Forel, 1889—endemic species: A diurnal species asso-
ciated with shaded habitats, such as limestone gorges and deciduous forests [60]. Small
numbers of workers were recorded primarily in plain olive orchards (Table 1).

Aphaenogaster subterraneoides (Emery, 1881)—native species: A cryptic species that is
considered to be nocturnally active and strongly associated with forest habitats across a
wide altitudinal range, from 7 to 1120 m [60]. Small numbers of workers were recorded in
11 of the 16 olive orchards (Table 1). Notably, the species reached its highest abundance in
olive orchards during winter.

Genus Cardiocondyla Emery, 1869

Cardiocondyla dalmatica (Soudek, 1925)—native species: A strongly thermophilous
species associated with sandy and gravel beaches and pine forests, mainly at low altitudes
from 0 to 258 m [60]. According to Seifert [69], C. dalmatica is largely zoophagous and visits
nectaries. It behaves submissively and cryptically compared to other ant species. Small
numbers of workers were recorded in five olive orchards in Messara Valley (Table 1).

Genus Chalepoxenus Menozzi, 1923

Chalepoxenus muellerianus (Finzi, 1922)—native species: In Crete, it was previously
recorded as Temnothorax muellerianus [61,62]. It is a social parasite that retains a worker
caste. In Crete, it has been recorded from nests of various Temnothorax species, including T.
exilis and T. recedens [60,61]. This species was recorded in eight olive orchards in Messara
Valley (Table 1).

Genus Crematogaster Lund, 1831

Crematogaster sordidula (Nylander, 1849)—native species: A thermophilous species that
is strongly associated with olive trees, nesting in the soil or under stones [60].

Crematogaster ionia complex—native species: A thermophilous species with an arboreal
lifestyle that is strongly associated with trees and shrubs across a variety of habitats. It nests
in the wood of decaying trees and shrubs. Workers are generalist omnivores and exhibit
aggressive behaviour when trunks and branches are disturbed by potential predators or
observers [60,70]. It is very common in olive orchard agroecosystems and nests inside the
trunks of olive trees with decaying cores.

Genus Messor Forel, 1890

Messor wasmanni (Krausse, 1910)—native species: A harvester ant species that is very
common in open habitats, both natural and anthropogenic. It nests directly in the soil [60].
In olive orchards, nests are highly conspicuous, as workers clear vegetation surrounding
the entrance and create radial foraging trails extending from the nest entrance to the
feeding areas.

Messor mcarthuri (Steiner et al., 2018)—native species: A common species in olive
orchard agroecosystems, avoiding anthropogenically disturbed habitats, such as urban
areas and tourist resorts, and showing a preference for xerothermic environments [60].
Workers are primarily active during the early morning and evening hours. Colonies
construct large nests, typically surrounded by sparse plant debris at the nest entrance.

Genus Monomorium Mayrt, 1855
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Monomorium creticum (Emery, 1895)—endemic species: A thermophilous species [61].
It was one of the most abundant species, and was found in all olive orchards in the Messara
Valley (Table 1).

Monomorium bicolor (Emery, 1877)—exotic species: A highly xerothermophilous species
strongly associated with regions characterised by intensive tourism activity [60]. This
species was recorded in four olive orchards in the Messara Valley, with the highest abun-
dance recorded in plain orchard 12-C.

Genus Pheidole Westwood, 1839

Pheidole pallidula complex—native species: A highly thermophilous species associated
with both natural and anthropogenic environments [61]. It is one of the most common ant
species in Greece and was also among the most common and abundant species recorded in
the olive orchards of the Messara Valley (Table 1).

Genus Solenopsis Westwood, 1840

Solenopsis cf. santschii (Forel, 1905)—native species: A cryptic and rare, highly ther-
mophilous species that nests under stones [60,61]. Small numbers of workers were recorded
in three olive orchards in the Messara Valley (Table 1).

Genus Strumigenys Smith, F., 1860

Strumigenys membranifera (Emery, 1869)—exotic species: A cryptic species and spe-
cialised predator that feeds on soft-bodied arthropods, such as Collembola. A strongly
synanthropic ant, it is almost always recorded in degraded and anthropogenic environ-
ments [60]. The species reproduces asexually through thelytokous parthenogenesis [71].
This is the first record of both workers and alate queens of S. membranifera from olive
orchards agroecosystems in the Messara Valley [72].

Genus Temnothorax Mayr, 1861

Temnothorax exilis (Emery, 1869)—native species: A xerothermophilous species strongly
associated with phrygana habitats in Crete [62]. Small numbers of workers were recorded
in four of the 16 olive orchards in the Messara Valley (Table 1).

Genus Tetramorium Mayr, 1855

Tetramorium hippocratis (Agosti & Collingwood, 1987)—native species: An opportunis-
tic species that is very common in olive orchard agroecosystems. It prefers open and arid
habitats and constructs its nests in dry, sandy soil [61].

Tetramorium kephalosi (Borowiec & Salata, 2017)—native species: A very common
polymorphic species associated with phrygana [61].

Tetramorium punctatum (Santschi, 1927)—native species: A common species in olive
orchards. It is associated with open and arid environments, particularly phrygana habi-
tats [61].

Genus Trichomyrmex Mayr, 1865

Trichomyrmex perplexus (Radchenko, 1997)—native species: A highly thermophilous
species that thrives in open oak woodlands, seashores with phrygana, pastures, and urban
parks [60]. In the Messara Valley, it was recorded only in hilly olive orchards adjacent to
natural areas dominated by phrygana and macchia. Additional pitfall traps established in
the adjacent natural areas also recorded high abundances of this species.

3.1.2. Subfamily Formicinae

Genus Camponotus Mayr, 1861

Camponotus baldaccii (Emery, 1908)—native species: A highly thermophilous species
that is often observed in pastures with phrygana, limestone gorges, and pine forests, but
also forages in tourist resorts and villages on fig trees in search of honeydew-producing
aphids and coccids [59]. It was one of the most common species recorded in the olive
orchards of the Messara Valley. It foraged both on the ground and on olive trees.
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Camponotus kiesenwetteri (Roger, 1859)—native species: A thermophilous species
strongly associated with pine forests [59]. In the present study, it was a common species
recorded in olive orchard agroecosystems and was mainly observed foraging on olive trees.

Camponotus lateralis (Olivier, 1792)—native species: An arboreal species that was
recorded in several olive orchards in the Messara Valley. This species is strongly associ-
ated with a variety of natural habitats, including coniferous forests, deciduous trees, and
shrubs [59].

Camponotus gestroi (Emery, 1878)—native species: A thermophilous species associated
with various Mediterranean habitats [59]. In the olive orchards of the Messara Valley, it was
observed foraging on olive tree branches and on the flowers of spontaneous vegetation.

Camponotus candiotes (Emery, 1894)—native species: A thermophilous species with
an arboreal lifestyle [59]. Foraging workers were observed on the trunks and branches of
olive trees.

Genus Lasius Fabricius, 1804

Lasius creticus (Seifert, 2020)—native species: A thermophilous species associated with
deciduous forests, typically occurring in stream valleys [59,61].

Genus Lepisiota Santschi, 1926

Lepisiota nigra (Dalla Torre, 1893)—native species: A thermophilous species that is
very common in olive orchard agroecosystems [59]. In the present study;, it was observed
foraging in high numbers on the flowers of Capparis spinosa in olive orchard agroecosystems
in the Messara Valley.

Lepisiota frauenfeldi (Mayr, 1855)—native species: It is a very common species associated
with open and dry habitats [61]. At the beginning of the survey, workers were mistakenly
identified as young workers of L. nigra, because their cuticle had not yet fully sclerotised.
L.frauenfeldi was subsequently identified in two orchards; however, reliable abundance and
frequency data could not be provided across all olive orchards.

Genus Plagiolepis Mayr, 1861

Plagiolepis pallescens (Forel, 1889)—native species: A thermophilous species that is
very abundant in olive orchard agroecosystems [59]. In the present study, it was observed
nesting under stones and artificial structures, such as pitfall traps. It was also commonly
observed foraging on olive tree trunks.

Plagiolepis pygmaea (Latreille, 1798)—native species: A thermophilous species that is
very abundant in olive orchard agroecosystems [59]. In the present study, it was observed
nesting under stones and was also commonly observed foraging on the olive trees.

3.1.3. Subfamily Dolichoderinae

Genus Tapinoma Foerster, 1850

Tapinoma simrothi (Krausse, 1911)—native species: A small to moderately polymor-
phic, highly thermophilous species that prefers sun-exposed habitats [59]. In the Messara
Valley, this species was recorded in high numbers in hilly olive orchards (Table 1).

3.1.4. Subfamily Ponerinae

Genus Cryptopone Emery, 1893

Cryptopone ochracea (Mayr, 1855)—native species: A cryptic species [63]. In Messara, only
four alate queens were recorded in a single olive orchard characterised by rocky terrain.

Genus Hypoponera Santschi, 1938

Hypoponera eduardi (Forel, 1894)—native species: A cryptic ground-dwelling species [63].
It was recorded in four olive orchards in the Messara Valley (Table 1).
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3.2. Effects of Management System, Agroecological Zone and Sampling Year on Ant Worker
Captures and Diversity

Management system did not significantly affect ant worker captures (response
ratio = 1.087, 95% CI: 0.749-1.579, and p = 0.660) and species richness (response ratio = 1.047,
95% CI: 0.903-1.213, and p = 0.546). In contrast, the effective Shannon diversity index
[exp(H')] was statistically significantly higher in organic (5.553 + 0.253) than in conven-
tional orchards (4.615 + 0.332; Student’s t-test: t = 2.249, p = 0.041).

The agroecological zone had a statistically significant effect on ant worker captures,
with higher captures in hilly than in plain orchards (response ratio = 1.517, 95% CI:
1.091-2.110, p = 0.013). In contrast, species richness did not differ significantly between
hilly and plain orchards (response ratio = 1.110, 95% CI: 0.960-1.284, p = 0.159). Similarly,
the effective Shannon diversity [exp(H")] did not differ between hilly (5.074 £ 0.231) and
plain orchards (5.102 £ 0.530; Student’s t-test: t = —0.055, p = 0.957).

Significant differences between sampling years were detected for both ant worker
captures and species richness. Worker captures were approximately twice as high in Year 2
as in Year 1 (response ratio = 2.00, 95% CI: 1.83-2.20, and p < 0.0001), while species richness
was higher in Year 2 (response ratio = 1.21, 95% CI: 1.16-1.26, and p < 0.0001). However,
the effective Shannon diversity [exp(H')] did not differ significantly between years, with
values of 4.738 £ 0.280 in Year 1 and 5.021 + 0.235 in Year 2 (Wilcoxon signed-rank test:
V =94, p =0.187) (Table 2).

Table 2. The effect of management system, agroecological zone, and sampling year on ant worker
captures, species richness, and effective Shannon diversity [exp(H")].

Factor Response Contrast/Effect Estimate 95% CI p
Ant worker captures Organic/Conventional = 1.087  0.749-1.579 0.660
M Species richness Organic/Conventional = 1.047  0.903-1.213 0.546
anagement system g
Effective Shannon diversity [exp(H')] Cog\rrgirtlilocnilSZ?)&iSOfg%Bz - 0.041
Ant worker captures Hilly/Plain = 1.517 1.091-2.110 0.013
A . Species richness Hilly/Plain = 1.110 0.960-1.284 0.159
groecological zone :
Effective Shannon diversity [exp(H')] 11;111;311 g%g :i 3%3%)’ - 0.957
Ant worker captures Year 2/Year 1 = 2.00 1.83-2.20 <0.0001
Sampling year Species richness Year 2/Year 1 =1.21 1.16-1.26 <0.0001
Effective Shannon diversity [exp(H')] 522{, %ég‘% ji 8%2(5)’ - 0.187

Effect estimates for ant worker captures and species richness are model-derived response ratios.
Ratios > 1 indicate higher expected values for the first category relative to the second (organic vs.
conventional; hilly vs. plain; Year 2 vs. Year 1). The 95% confidence intervals are reported for effect
ratios estimated from the GLMMs. Values for effective Shannon diversity [exp(H')] are cumulative
orchard-level means + SE. For model-derived estimates, 95% confidence intervals (ClIs) are reported.
Exact p-values are reported; statistically significant results (p < 0.05) are shown in bold.

3.3. Gamma Diversity and Species Composition

Sample-based rarefaction and extrapolation showed broadly similar y-diversity be-
tween organic and conventional orchards and between agroecological zones (Figure 3).
Species accumulation curves converged towards similar levels of species richness and
showed substantial overlap in their 95% confidence intervals. Likewise, coverage-based
rarefaction and extrapolation showed substantial overlap between organic and conven-
tional orchards and between hilly and plain orchards, particularly at high sample coverage,
providing no clear evidence of differences in ant species richness associated with either
management system or agroecological zone.
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Figure 3. Sample-size- and coverage-based rarefaction and extrapolation of ant y-diversity (species
richness; q = 0) according to management system and agroecological zone. Panels (A,B) show
sample-size-based rarefaction and extrapolation for management system and agroecological zone,
respectively, whereas panels (C,D) show the corresponding coverage-based curves. Solid and
dashed lines represent rarefaction and extrapolation, respectively, and shaded areas indicate 95%
confidence intervals. Each sampling unit corresponds to one valid pitfall-trap sample at one monthly
sampling occasion.

Ant species composition did not differ significantly between organic and conventional
orchards (PERMANOVA: pseudo-F = 0.724, R? = 0.049, and p = 0.706). Management
systems accounted for 4.9% of the variation in species composition. Consistent with this
result, the NMDS ordination showed extensive overlap between management systems
(Figure 4; stress = 0.19). Multivariate dispersion did not differ between management
systems (PERMDISP: F = 0.165, p = 0.691), indicating comparable within-group dispersion.

In contrast, ant species composition differed statistically significantly between agroe-
cological zones (PERMANOVA: pseudo-F = 2.491, R? = 0.151, and p = 0.009), with agroe-
cological zone accounting for approximately 15% of the variation in species composition.
Multivariate dispersion did not differ significantly between plain and hilly orchards (PER-
MDISP: F = 1.319, p = 0.286), indicating that the detected compositional difference was
not attributable to unequal within-group dispersion. The two-dimensional non-metric
multidimensional scaling (NMDS) ordination (stress = 0.190) illustrated the compositional
patterns among orchards (Figure 4).
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Figure 4. Non-metric multidimensional scaling (NMDS) ordination of ant species composition in
olive orchard agroecosystems according to (A). Management system and (B). Agroecological zone.

3.4. Functional-Group Responses to Management System

The relative representation of the major ant functional groups did not differ signifi-
cantly between organic and conventional orchards. The estimated proportion of Oppor-
tunists (OPP) was 54.3% in organic and 53.6% in conventional orchards, with no significant
effect of management system (OR = 1.028, 95% CI: 0.546-1.933, and p = 0.932). Similarly,
the estimated proportion of Generalised Myrmicinae (GM) was 24.6% in organic and 25.2%
in conventional orchards, with no significant difference between management systems
(OR =0.970, 95% CI: 0.403-2.332, and p = 0.945).

4. Discussion

We present the first species-level account of ant communities in Greek olive orchard
agroecosystems, based on a comprehensive survey conducted in the Messara Valley, Crete.
To our knowledge, this is the first published study to provide a species- and functional-
group-level assessment of ant communities in Greek olive orchards. Comprehensive studies
of the ant fauna of Crete [61,62,73,74] have shown that ants occur across a wide range of
habitats; however, no previous survey has specifically examined ant communities in olive
orchards at this spatial and temporal scale, either elsewhere in Greece or within the present
study area.

The present study provides the first quantitative comparison of ant assemblages in
organic and conventional olive orchards in Crete based on a two-year survey. Although total
ant worker captures and species richness did not differ significantly between management
systems, Green-Infrastructure (GI)-enhanced organic orchards had statistically significantly
higher effective Shannon diversity than conventional orchards. These results suggest that
the higher effective Shannon diversity was more likely related to differences in the relative
abundance of species than to species richness. This pattern is consistent with properties
of effective Shannon diversity, exp(H’), which incorporates both species richness and the
relative abundance of species and is therefore more sensitive to changes in community
structure [75].

Importantly, the additional analyses of sample-based y-diversity (species richness) and
species composition support this interpretation while providing a broader perspective on
the effects of management systems. Sample-based rarefaction and extrapolation revealed
broadly similar sample-based y-diversity between organic and conventional orchards, with
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substantial overlap in the 95% confidence intervals, indicating no clear management-related
difference in ant species richness between the two orchard management systems. Likewise,
species composition did not differ significantly between management systems. Thus,
organic and conventional orchards supported broadly similar levels of species richness
and taxonomic composition, while differing in effective Shannon diversity. Taken together,
these results suggest that the difference detected in effective Shannon diversity, exp(H),
was not primarily associated with differences in species richness or overall composition,
but more likely reflected differences in relative abundances and dominance structure. Such
contrasting responses among biodiversity components are consistent with previous studies
showing that management systems can modify the taxonomic and functional structure of
ant communities rather than simply increasing the number of species [76-79].

Agroecological zones showed a different pattern from that observed for management
systems. Ant worker captures were significantly higher in hilly than in plain orchards,
whereas neither species richness nor effective Shannon diversity differed significantly be-
tween agroecological zones. The sample-based y-diversity analyses, including sample-size
and coverage-based rarefaction and extrapolation, did not provide clear evidence of a sub-
stantial difference in overall species richness between hilly and plain orchards. However,
despite their similar richness, the two agroecological zones supported significantly different
species assemblages. Thus, the effect of agroecological zone appears to involve changes in
species identity and assemblage structure rather than simply an increase or decrease in the
total number of species. Similar compositional responses of ant communities to environ-
mental and elevational gradients have been reported in other Mediterranean ecosystems,
where elevation, vegetation structure, and associated environmental conditions have been
identified as important drivers of ant assemblage composition [80,81].

A comparable pattern has been reported for soil arthropod communities in Cretan olive
orchards. Species richness did not differ between agroecological zones, whereas Shannon
diversity was higher in hilly orchards during spring, and functional arthropod abundance
also tended to be higher in hilly sites [56]. Furthermore, Gkisakis et al. [42] suggested that
climatic conditions, soil management, and landscape characteristics explained a greater
proportion of the variation in arthropod communities than agroecological zone (AZ) itself.
This finding indicates that topography may act as a surrogate for broader environmental
gradients rather than as a direct driver of biodiversity patterns.

Temporal comparisons revealed a marked increase in total ant worker captures during
the second sampling year, and species richness was also higher in the second year. In
contrast, effective Shannon diversity remained relatively stable between years. These
findings suggest that, in Mediterranean arthropod communities, interannual variation
often reflects changes in abundance and activity and, in some cases, species richness
without producing a corresponding change in the effective diversity. However, community
composition may still shift in response to climatic conditions, disturbance, and sampling
scale [82].

Our survey recorded 32 ant species occurring in olive orchard agroecosystems, with
species richness ranging from 10 to 20 taxa per orchard (mean = 16.5). This represents
approximately 30% of the 108 species currently recorded in Crete [59-61,72,83-86] and
about 10% of the approximately 329 ant species and subspecies known in Greece [73,87-92].
The species with the highest abundance and widest distribution across all surveyed olive
orchards were Aphaenogaster simonellii (Emery, 1894), Pheidole pallidula complex, and the
endemic Monomorium creticum (Emery, 1895). High abundance and frequency of occurrence
were also recorded for species such as Camponotus baldaccii (Emery, 1908), Tapinoma simrothi
(Krausse, 1911), Lepisiota nigra (Dalla Torre, 1893), and Messor wasmanni (Krausse, 1910).
Species of the genera Tetramorium and Plagiolepis were common across all the surveyed
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orchards. The presence of species associated with open habitats such as phrygana, as well
as forests, and other natural habitats, such as Aphaenogaster subterraneoides (Emery, 1881),
Hypoponera eduardi (Forel, 1894) [59,60], and Temnothorax exilis (Emery, 1869) [62], suggests
that GI-enhanced olive orchards may contribute to ecological connectivity between adjacent
protected natural areas and the wider agricultural landscape. Because pitfall traps primarily
sample ground-dwelling ants, strictly arboreal species may be underrepresented; therefore,
the present results mainly reflect the ground-active component of the ant community.

Comparison with previous studies from Mediterranean olive-growing regions sug-
gests that the ant assemblages recorded in the present study are broadly representative of
those associated with Mediterranean olive agroecosystems. Previous studies conducted in
Spain, Italy, Portugal, and Algeria have reported between 11 and 58 ant species, depending
on the number of orchards surveyed, the sampling duration, and the collection methods
employed [6,21,22,30,33,35,79,93-96]. However, these comparisons should be interpreted
cautiously because published studies differ considerably in sampling duration, sampling
effort, the number of orchards surveyed, and collection methods.

In terms of functional groups, although pitfall trapping tends to overrepresent the
activity density of highly active functional groups such as Opportunists (OPP) and Gener-
alised Myrmicinae (GM), because species with higher surface activity are more likely to
be captured [97], the predominance of these groups should be interpreted with caution.
The presence of cryptic species (CRY) and Cold Climate Specialists (CCS) may indicate
the availability of less disturbed or relatively stable habitats. As noted by Andersen [98],
these specialised groups are highly sensitive to soil disturbance; thus, their persistence
in olive orchards may reflect the presence of stable microhabitats or areas subjected to
less intensive management within the olive orchard agroecosystem. The proportion of
the major functional groups did not differ between organic and conventional orchards,
with no management effect detected for either Opportunists or Generalised Myrmicinae.
Nevertheless, the predominance of Opportunists (OPP) and Generalised Myrmicinae (GM)
observed in the present study is consistent with previous reports from Mediterranean olive
agroecosystems [35,94], suggesting that Cretan olive orchards support ant communities
with a functional structure similar to that described elsewhere in the Mediterranean Basin.

Finally, two exotic ant species, Monomorium bicolor (Emery, 1877) of Afrotropical origin
and Strumigenys membranifera (Emery, 1869) of Sub-Saharan African origin, were recorded
in the surveyed olive orchards. Both species have previously been recorded in Greece and
are included in the updated checklist of alien ants established in the country [99,100]. M.
bicolor is primarily associated with warm, xerothermic, and anthropogenically disturbed
habitats, whereas S. membranifera is a cosmopolitan alien species typically associated with
anthropogenic environments. Their occurrence in olive orchards indicates that these species
can occur within olive orchard agroecosystems in Crete and highlights the potential for
such habitats to support their persistence and potentially facilitate their spread.

5. Conclusions

Our study provides the first comprehensive species-level assessment of ant assem-
blages in olive orchards in the Messara Valley, Crete, establishing an important baseline for
understanding ant diversity and community structure in Greek olive orchard agroecosys-
tems. A total of 32 ant species were recorded, demonstrating that Cretan olive orchards
support a diverse ant fauna, including both widespread Mediterranean taxa and species
endemic to Crete.

Organic management was associated with significantly higher effective Shannon
diversity than conventional management, whereas species richness and ant worker captures
did not differ significantly between management systems. This difference in effective
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diversity was not accompanied by detectable differences in sample-based y-diversity,
species presence—absence composition, or the relative proportions of the major functional
groups analysed, suggesting that organic and conventional orchards supported broadly
similar ant assemblages while differing in the distribution of individuals among species.
Agroecological zone was associated with differences in ant worker captures, which were
higher in hilly orchards, but had no significant effect on species richness, effective Shannon
diversity, or sample-based y-diversity. In contrast, agroecological zone had a significant
effect on ant species composition, indicating that differences between hilly and plain
orchards were primarily associated with assemblage composition rather than overall species
richness. Interannual variation significantly affected ant worker captures and species
richness, with both increasing in the second sampling year, whereas effective Shannon
diversity remained stable.

The presence of multiple functional groups, together with the consistent occurrence
of species associated with natural habitats, indicates that olive orchard agroecosystems
support a broad range of ecological strategies. Importantly, the occurrence of species
associated with both open and forest habitats suggests that olive orchards implementing
Green Infrastructure may contribute to ecological connectivity between adjacent Natura
2000 sites and the wider agricultural landscape. These findings highlight the dual role of
olive orchards as both productive agricultural systems and habitats that support arthropod
diversity, including diverse ant communities.

Overall, our findings suggest that promoting Green Infrastructure through the estab-
lishment of GI elements, the adoption of agroecological farming practices, low-intensity
management, reduced synthetic chemical inputs, and the maintenance of habitat hetero-
geneity could strengthen the contribution of olive orchard agroecosystems to biodiversity
conservation at the landscape scale in Crete and across the Mediterranean Basin.
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