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A B S T R A C T   

Ants are important pest control agents in many agroecosystems worldwide. However, little is known about how 
management, landscape complexity, their interaction, and the ecological contrast generated by different agri-
cultural practices affect their communities and the potential pest control they can provide. 

Here, we surveyed ant communities in 40 paired olive groves with different agricultural management regimes 
across 20 localities spanning a wide range of landscape complexity at the regional scale. We also conducted field 
experiments with dummy plasticine models and fresh prey to explore the ant potential to control the two main 
pests of the olive tree (olive moth and olive fly). In addition, we calculated an index, the Ant-community Pre-
dation Function (APF), which informs about the predation pressure exerted by ant communities over these pests. 

Results show that: a) the maintenance of herb cover at intermediate landscape complexity sites maximizes the 
abundance and potential for pest control by ants; b) the ecological contrast affects ant abundance and ant 
richness but does not impact the predation function; c) APF is a good measure of pest control potential at the 
community level; and, d) Tapinoma nigerrimum is an important ant species for pest control in our system, which 
seems little affected by local or landscape heterogeneity. 

The maintenance of herb cover, organic farming and a certain landscape complexity is beneficial for ant 
communities and increase their contribution to pest control in olive groves.   

1. Introduction 

Ants are one of the most abundant, diverse, and widespread insect 
families in permanent agroecosystems (e.g. Philpott and Armbrecht, 
2006; Rey et al., 2019). Many ant species are active predators with high 
energetic demands, which confers them a strong potential as pest control 
agents (Thurman et al., 2019; Way and Khoo, 1992). Their effectiveness 
for biocontrol, and for yield increase, has proven important in many 
systems (mainly tropical), including groves, agroforests and arable crops 
(reviewed by Offenberg, 2015). Some notable cases include the overall 
positive effect of weaver ants in tropical tree crops (Thurman et al., 
2019), or the biocontrol provided by Azteca sericeasur and other ant 
species against the coffee borer (Escobar-Ramírez et al., 2019; Morris 
et al., 2015). 

Habitat management in the form of agricultural extensification, 
arises as a sustainable alternative to increase the numbers of natural 
enemies, such as ants, and reduce the use of pesticides against pest 

species (Gurr et al., 2017). However, current trends of intensive agri-
culture and landscape simplification can affect negatively these and 
other arthropod natural enemies, threatening their communities, and 
reducing their pest control potential (Aristizábal and Metzger, 2019; 
Haan et al., 2019; Milligan et al., 2016). Nonetheless, most studies 
measuring ant-mediated pest control have been conducted in tropical 
agroecosystems. Moreover, some abundant generalist ant species can 
tolerate environmental disturbances. Therefore, it remains uncertain to 
what extent agricultural intensification and landscape complexity can 
affect ant communities and their potential pest control in dryland 
agroecosystems, such as Mediterranean olive groves, the more extended 
woody crop across the Mediterranean basin. 

Several authors have characterized the soil arthropod fauna in olive 
groves (Gonçalves and Pereira, 2012) and have explored management 
(Cotes et al., 2010; Ruano et al., 2004) and environmental heterogeneity 
(Gkisakis et al., 2016) effects on epigeal insect species and pest control. 
For instance, Picchi et al. (2017) found higher predation rates on the soil 
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for the olive moth (an overwintering pest) in organically managed olive 
groves. However, although ants are one of the most abundant soil ar-
thropods in olive groves (Santos et al., 2007a, 2007b), and some species, 
such as Tapinoma nigerrimum have been pointed as an important species 
for biocontrol (Morris et al., 2002), the ant pest control function remains 
essentially understudied in this agroecosystem. Moreover, very few 
studies have focused on the main drivers of ant communities. Two 
studies explore local management and landscape effects on ant abun-
dance (Gkisakis et al., 2016) and diversity (Rey et al., 2019) in olive 
groves. The former, found no differences in abundance due to agricul-
tural management or landscape complexity. The latter, conducted at the 
regional scale, showed how both ground herb cover management 
intensification and landscape simplification reduced ant species richness 
on olive farms. Some potential drivers commonly argued to explain 
these patterns are: an increased number of alternative prey, less soil 
disturbance, the presence of floral resources (Jones et al., 2017) and less 
pollutants (e.g. herbicides) under extensive practices (e.g. maintenance 
of ground cover and/ or organic agriculture). 

Although ants predate on the olive moth (Morris et al., 1998, 2002) 
and the olive fly pupae (Orsini et al., 2007), there are still scarce evi-
dences about their real potential for pest control at the community level. 
Even less is known about how agricultural intensification, landscape 
homogeneity or ecological contrast (sensu Kleijn et al., 2011, i.e. the 
degree of environmental contrast between two farms produced by 
different agricultural management regimes) can affect ant communities 
and their pest control function in olive groves. 

In this study, we focused on these issues using a large-scale survey 
and an experimental approach. We conducted ant surveys on 40 olive 
farms to characterize the ant communities at the farm scale. These 
surveys were followed by field experiments to calculate the Ant- 
community Predation Function index (hereafter, APF), using fresh 
prey offerings to ants, to characterize ant-specific response to pests. This 
index accounts for the quantitative (abundance) and qualitative (appe-
tence) components of predation, and represents the potential predation 
pressure that the local ant community can exert on the olive moth and 
the olive fly (Martínez-Núñez and Rey, 2020) and it thus is a proxy of 
pest control potential. We also carried out artificial dummy model prey 
experiments on 18 farms to assess ant predation pressure, and compare 
ant attack rates across farms with different herb cover management 
regimes (intensive practices, meaning systematic herb cover removal vs. 
extensive practices, meaning herb cover maintenance). Finally, we 
analyzed how the interplay between agricultural management (consid-
ering different levels of ecological contrast) and landscape simplification 
can drive differences in ant communities, and APF. Based on sound 
hypotheses in agroecology, such as the intermediate landscape 
complexity hypothesis (Tscharntke et al., 2012) and the ecological 
contrast hypothesis (Kleijn et al., 2011; Marja et al., 2019), we predict 
that: 1) ant abundance and APF will be higher on farms where herb 
cover is maintained and complex landscapes; 2) the magnitude of the 
differences between farms with differing management practices (i.e., the 
effectiveness of the agriculture extensification to recover ant-driven pest 
control) will be landscape context dependent (Tscharntke et al., 2012); 
3) pairs of farms with higher ecological contrast will show stronger 
differences in comparison to pairs with lower ecological contrast (Kleijn 
et al., 2011); 4) ant’s attack rates to dummy models will be higher in 
farms with herb cover; and 5) benefits of agri-environmental manage-
ment regimes on ant abundance will parallel benefits on APF and attack 
rates. Finally, because the species Tapinoma nigerrimum has been re-
ported to be abundant in olive groves and tolerant to disturbances 
(Redolfi et al., 1999), we also expect that; 6) this generalist species will 
account for an important contribution to APF and will not be affected by 
local management nor landscape simplification. 

2. Materials and methods 

2.1. Study design and study system 

This study was conducted in 40 paired olive farms, sited in 20 lo-
calities across Andalusia, Spain (see Rey et al., 2019 for details on lo-
calities), the region that harbors the highest number of olive trees 
worldwide. Studied olive farms covered altogether an area of ca. 3000 
ha, and represented an extent of ca. 18,142 km2, encompassing a wide 
range of landscapes, from very simple landscapes highly dominated by 
olive groves, to complex montane ecosystems with some olive farms 
embedded on them (Rey et al., 2019). In each locality, a pair of relatively 
close olive farms was selected. The pair of farms in each location shared 
the same landscape context, but differed notably in management. One of 
the farms had an intensive herb cover management (i.e. systematic herb 
cover removal by tillage and/or pre-emergence herbicides), preventing 
the growth of herb cover for the most part of the year. In contrast, the 
herb cover on the other farm was managed extensively (i.e. maintaining 
the herb cover on the whole farm throughout the year). These farmers 
sometimes mow the herb cover beneath tree canopies at the beginning of 
the dry season. 

In addition to this intensive-extensive dichotomy, in ten out of the 20 
localities, the extensively-managed olive grove was also under organic 
management (i.e. no application of synthetic pesticides or fertilizers), 
adding a further step for ecological contrast (sensu Kleijn et al., 2011) 
between the farms of these ten pairs. This higher ecological contrast also 
translated into stronger quantitative differences in herb richness and 
herb cover (Martínez-Núñez et al., 2020). This design allowed to test the 
interacting effects of landscape complexity and local agricultural prac-
tices on the predation pressure exerted by ants in olive groves. In 
addition, the two subsets of farms with differing ecological contrast (ten 
pairs with low contrast and ten pairs with high contrast), permitted us to 
test the ecological contrast hypothesis on the ant community and their 
potential for pest control (see Fig. S1 for a visual scheme of the study 
design, and the datasets used for defining levels of low and high 
ecological contrast). 

To study the role of ants as pest control agents, we focused on their 
effect against the two main pest species of the olive tree, the olive moth 
(Prays oleae, Bernard 1788; Yponomeutidae) and the olive fly (Bac-
trocera oleae, Rossi 1790; Tephritidae), which can cause important yield 
loss (Malheiro et al., 2015; Paredes et al., 2019). Both pest species have a 
complex life cycle, closely matching the phenology of the olive tree. The 
olive moth has three generations, the phillophagous larva, that feeds on 
the leaves in winter, the anthophagous larva, which develops in spring, 
feeding on the olive floral buttons and flowers (this larva is highly 
exposed and probably the most vulnerable to the predation by ants 
foraging on the trees), and the carpophagous larva (feeding inside the 
fruit after falling to the ground during autumn) (Pelekassis, 1962). The 
olive fly is vulnerable to ants at the end of autumn, when larvae finish 
feeding and growing inside the olive fruits and fall down to the ground 
to pupae and overwinter (Daane and Johnson, 2010). 

2.2. Landscape complexity 

We measured the compositional and configurational heterogeneity 
of the landscapes in a buffer of 2 km radius around the centroid of each 
pair of farms (N = 20). We approached landscape complexity as a 
multivariate and non-simplistic measure, which represents better its 
functional and intricate nature (Fahrig et al., 2011). Thus, we used 
ortho-photos and in situ visits to select farms located in a wide range of 
landscape complexity and classified a priori the 20 localities into the 
three categories of landscape, frequently used to test landscape-related 
hypotheses (e.g. Concepción et al., 2012), namely: simple, intermedi-
ate and complex. Afterwards, we used the most recent land use cartog-
raphy (SIOSE, http://www.siose.es) and the FRAGSTATS software 
(McGarigal et al., 2012) to calculate, in each locality, 12 metrics of 
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landscape compositional (patch richness, diversity and evenness, per-
centage of semi-natural habitat cover, percentage of olive groves cover) 
and configurational (edge density, largest patch area, mean patch area, 
shape of the mean patch, Euclidean distance between nearest neighbor 
patches of similar uses, contagion and interspersion/juxtaposition 
index) heterogeneity. Then, we validated the a priori perceptual classi-
fication, using a classification and regression tree (CART, De’ath and 
Fabricius, 2000). The CART rendered that just three of these variables: 
percentage of semi-natural area, distance to the nearest neighbor, and 
mean patch area, adequately ascribed the 20 localities into the previ-
ously a priori groups (Rey et al., 2019, for more details). Simple land-
scapes had less than 9% of semi-natural habitat. Intermediate 
landscapes had more than 9% of semi-natural area and a relatively high 
NND (85 m). Complex landscapes were characterized by having more 
than 9 % of SNH and a mosaic of land uses (less than 85 m NND). 
Landscape complexity metrics are available in Mendeley data (DOI: 
10.17632/dchz48kfbh.1). 

2.3. Ant surveys 

We sampled ant communities on 40 olive farms. At each farm, we 
established 12 permanent plots, four of them sited in non-crop patches 
(mostly remnants of semi-natural habitat) and eight inside the olive 
orchard matrix. In each plot, we set a pitfall trap (transparent plastic 
glass; 7 cm of diameter and 12 cm depth), filled with water, propylene 
glycol (1:1 proportion) and 5–10 soap drops. Every month, from April to 

November 2016, we collected the ants, refilled the pitfall trap and 
determined the collected individuals in the laboratory, under the ste-
reomicroscope. In total, we used 3360 pitfall traps, distributed in 480 
permanent plots. 

2.4. Ant species specific response 

We calculated ant species specific response against the olive moth 
and the olive fly (i.e. appetence for these pest species) by offering real 
pest larvae or pupae (which were manually collected in our study areas 
previously the same day) to foraging ants. This experiment was con-
ducted in two consecutive years (2018: in nine olive groves, and 2019: in 
18 olive groves), during the period when these pests are more vulnerable 
to ants (spring for the olive moth and end of autumn for the olive fly). 
Thus, we offered fresh pest larvae/pupae to actively foraging ants by 
placing the pest for some seconds on the ground/tree, in the ant pre-
dicted trajectory, hoping for contact, and recorded their response to the 
offerings (see Fig. 1). A positive response was recorded when an ant 
interacted with the pest (i.e. touching it with the antennae) and bit it, 
taking it away (or trying to). In contrast, an ant disregarding the larvae/ 
pupae after contacting it was considered as a negative response. Ant 
individuals that contacted with the pest offered and responded either 
positively or negatively, were collected and identified to the species 
level at the lab. Ant species-specific response was calculated as the 
proportion of positive responses (ratio positive to total offerings) against 
the pest species (see Garrido et al., 2002 for similar approach). Overall, 

Fig. 1. Pictures showing the experiments con-
ducted to assess ant specific response and attack 
rates to plasticine dummies. A) Exclusion with 
plasticine models to assess attack rates by ants 
to the olive fly larvae, picture from above. B) 
Exclusion with plasticine models to assess 
attack rates by ants to the olive moth 
anthophagous larvae. C) Ant actively foraging 
on olive tree flowers. D) Ant predating and 
taking a plasticine dummy from the exclusion 
cage (note that the lid is missing because the 
cage was not completely set yet). E) Positive 
response to in situ offering. F) Ant contacting a 
larva offered, right before discovering whether 
it has a positive or negative response.   
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1172 offerings were recorded, 777 for the olive moth, and 395 for the 
olive fly. 

Tapinoma nigerrimum alone might play an important role on pest 
control in olive groves (Morris et al., 2002). It was a very abundant and 
active species during our offerings (for both the olive moth and the olive 
fly), its specific response was highly positive, and was among the most 
abundant and widespread species in the ant assemblages of all the 
studied farms. Therefore, we modeled its abundance across landscape 
and management gradients. 

We measured the ant-species specific responses to each pest species 
only for the species co-occurring with the vulnerable stages of the pests. 
Specifically, for the response against the olive moth we recorded specific 
responses against the anthophagous larvae for 25 out of 58 ant species 
sampled in the whole year (representing the 83 % of the ant community 
abundance, including crop and non-crop plots). In this case, offerings 
were performed to ants patrolling olive branches and twigs. Regarding 
the response against the olive fly, we recorded the response of 22 out of 
39 species during autumn (representing the 96 % of the ant community 
abundance in autumn) and offerings were carried out on the ground. In 
some cases, we could not achieve enough offerings to obtain a robust 
inference of a species’ response against the pest (intraspecific variability 
on the response). In these cases, we decided to include these species to 
maximize the available information, assuming a close to binomial-type 
response (e.g. can predate or not; 1 positive response equals 100 % 
positive responses). Note that species with very few offerings also 
contributed very little to overall abundance, and thus to the APF (less 
than 15 %) and results. Pearson correlation tests for the index with/ 
without species having less than 5 offerings is 0.94 (P < 0.000) for the 
moth and 0.88 (P < 0.000) for the fly. The Table S1 in Supporting In-
formation provides the number of offerings per species and their 
abundances). 

2.5. Ant community predation function 

Assuming a lineal increase of encounter probability and feeding 
needs with abundance, we expect also that predation pressure increases 
linearly with ant abundance (i.e. each foraging ant from the same spe-
cies contributes the same to predation) and appetence for the pest by 
each ant species. Therefore, following Martínez-Núñez and Rey (2020) 
we calculated the Ant-community Predation Function (APF) for a given 
pest accounting for the quantitative and qualitative components of the 
predation function. APF represents thus the expected predation pressure 
that the whole community of ants can exert over a given pest on a given 
farm in the considered period and, therefore, is our estimation of the 
ant-mediated pest control service. 

We calculated the ant-community predation function against each 
pest, using the Eq. 1. 

APF = x ACR (1)  

ACR =

∑i=n

i=1
xi ωi

∑i=n

i=1
xi

(2) 

Thus, the ant predation function equals the mean abundance per 
pitfall of the ant community (x) times the Ant Community Response 
(ACR), which is the expected probability of attack by a randomly chosen 
individual (last term in Eq, 1). The ACR (Eq. 2) is the sum (from species 1 
to n) of the mean abundance of each ant species with one or more of-
ferings, multiplied by its specific response to the pest (ωi) and divided by 
the total mean abundance of species with offerings. ACR as estimated 
here is meaningful since contains information for each ant assemblage of 
the qualitative component of the predation function, based on its species 
composition and the species-specific response (Garrido et al., 2002) to 
pests, and on the quantitative component of such function (Martí-
nez-Núñez and Rey, 2020) based on the overall ant abundance in such 

community (as determined by the mean number of ants collected per 
pitfall in each farm). 

2.6. Artificial prey experiment 

Dummy plasticine models have frequently been used to mimic po-
tential prey, and compare experimentally attack rates by natural en-
emies across environmental gradients (e.g. Milligan et al., 2016). Here, 
we used models previously macerated in pest larvae juice. We previously 
recorded that ants showed a higher preference towards these dummies 
compared to non-macerated dummies, and also confirmed the absence 
of different responses against the used models and true larvae. Then, we 
built small exclosures to enable ant attacks, precluding removal of the 
plasticine larvae from other predators (see Fig. 1). We built the exclo-
sures using small plastic Petri plates of 5 cm diameter and 2 cm deep. We 
opened two gaps (“doors”) in the plates to let ants enter and exit. Finally, 
a lid did protect the larvae from the rain and other animals. We set two 
dummies per plate, and 20 plates per farm (ten in trees adjacent to 
semi-natural patches, and ten in trees within the olive tree matrix, 
approximately 200 m distant from these patches). We conducted this 
experiment during two consecutive years (2018–2019), for the two pest 
species. In 2018, we ran this experiment in 9 farms (720 plasticine 
models, 360 mimicking each pest species), increasing this number to 18 
farms (1440 plasticine models, 740 for each pest) in 2019. Overall, we 
provided and checked 2160 plasticine models. We set the experiment for 
the olive moth in May, targeting the anthophagous larvae (the most 
vulnerable to ant predation). Accordingly, the plates with the dummies 
were set on branches (see Fig. 1). For the olive fly, we set the experiment 
in November, and the plates were located on the ground, attached with 
metal hooks. 

In this study, we assume that a higher potential predation pressure (i. 
e. a higher abundance of ants with a higher appetence for the pests) will 
lead to a higher potential pest control and less crop damage. 

2.7. Statistical analyses 

First, we explored variations in ant abundance, T. nigerrimum abun-
dance, and APF across farms with different management (herb cover 
removal vs. herb cover maintenance) and landscape complexity contexts 
(simple, intermediate, complex). We considered both the whole sam-
pling period (pitfall trap averaged for the 7 months sampling period), 
when some stages of the olive moth can be predated by ants, and autumn 
(pitfall trap averaged for October and November), when the olive fly 
larvae are vulnerable to ants from the soil. We used the package lme4 
(Bates et al., 2015) in R (R Core Team 2019) to run three general linear 
mixed models for each response variable (ant abundance, T. nigerrimum 
abundance and APF), with landscape complexity, agricultural manage-
ment, and their interaction as fixed factors. We did not include ant 
richness in this test because it was covered elsewhere (Rey et al., 2019). 

Second, we tested the effect of ecological contrast on ant abundance, 
ant richness, T. nigerrimum abundance and APF. For this, we fitted 
separate models for each response variable, introducing management 
(herb cover removal vs. herb cover maintenance) and ecological 
contrast (low vs. high) as an interaction fixed term. Low ecological 
contrast involves the comparison of conventional farms (without herb 
cover) vs. integrated farms (with herb cover), while high ecological 
contrast tests compare conventional farms and organic farms (with herb 
cover plus no use of synthetic agrochemicals). 

For all pest control-related analyses, we only considered the eight 
plots of each farm located within the crop, to avoid confounding factors 
(i.e. plots not exposed to management filtering, such as the non-crop 
plots). However, we also tested differences between crop and non-crop 
plots across our management and landscape gradient to unveil 
possible variations in habitat preferences (see Supporting Information). 

All models (unless previously specified), included a locality and farm 
ID random factor. Model assumptions were checked by inspection of the 
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residuals. Response variables were transformed when needed to 
conform to model assumptions. Results were interpreted by comparing 
the AIC with a null model (a model without any fixed factor), 
acknowledging the marginal R2, and post hoc Tukey multiple compar-
ison tests with alpha = 0.10, to also account for marginally significant 
differences. 

3. Results 

In total, 166,611 ant individuals were collected and determined on 
the 40 farms (ranging between 1284 and 15,775 individuals per farm). 
Overall, 58 different ant species, belonging to 18 different genera, were 
detected (ranging from 16 to 33 species per farm). A complete list of the 
species can be found in Table S1. T. nigerrimum (15.8 %), Aphaenogaster 
senilis (12.5 %) and Messor barbarus (12.1 %) were the most abundant 
and ubiquitous species. They occurred on 36, 37 and 38 out of 40 farms 
respectively. 

The ant-species specific response varied between 13 % positive 
response from Pheidole pallidula or 16 % from Plagiolepis schitzii, and 100 
% positive response from Camponotus barbaricus for olive moth. Against 
the olive fly, it varied between 0% from Plagiolepis pygmaea and 100 % 
from Aphaenogaster iberica (Table S1). Some species were very abun-
dant/active during the experiments and had a clear positive response 
against both pest species, for instance, Aphaenogaster senilis, Tapinoma 
nigerrimum and some species belonging to the genera Camponotus or 
Lassius. Smaller species, belonging to the genera Plagiolepis, Pheidole or 
Tetramorium had very few positive responses (Table S1). The 
T. nigerrimun response to offerings was among the highest, 90 % for the 
olive moth and 93 % for the olive fly. 

3.1. Landscape and management effects on ants 

Mean ant abundance per pitfall/farm varied between 19 and 149 
individuals per trap, and was higher on farms with herb cover in in-
termediate landscapes (see Table 1 and Fig. 2). Differences across farms 
with contrasting management were also stronger at intermediate land-
scapes. The mean abundance of T. nigerrimum per pitfall/farm during the 
whole study period varied between 0 and 40 and was not affected by 
management or landscape (see Table 1 and Fig. 2). APF varied between 
14 and 97 for the olive moth and between 11 and 99 for the olive fly. The 
APF for the olive moth was affected by management and was on average 
a 30 % higher on farms that maintained the herb cover (see Table 1 and 
Fig. 2). 

Across farms, T. nigerrimum accounted for 17 ± 2 % (Mean±1SE) of 

the APF against the olive moth (range 0–50 % across farms). During the 
months of October and November (when the olive fly is vulnerable to 
ants), T. nigerrimum accounted for 8 ± 3 % of the APF against the olive 
fly (range 0–67 %). No remarkable differences were detected in autumn 
for abundance, APF on the moth or APF on the fly across our manage-
ment and landscape complexity categories. However, marginally sig-
nificant effects of landscape were detected for T. nigerrimum abundance 
and APF, peaking at intermediate landscapes. 

Mean differences in species abundance, species richness, 
T. nigerrimum abundance and APF (annual) tended to be greater under 
high ecological contrast (i.e. between farms that differed in herb cover 
management practices plus the use of agrochemicals; conventional vs. 
organic), however, these differences were only remarkable for ant 
abundance and ant richness (see Fig.S2 and Table S2). T. nigerrimum was 
not significantly affected by ecological contrast and APF showed 
consistently higher values in farms that maintained herb cover, although 
differences were slightly stronger between pairs with high contrast (Fig. 
S2; effect size of 1.25 in low contrast vs. 1.38 in high contrast). 

3.2. Ant attack rates 

Attack rates to plasticine models averaged 27 % (ranging between 10 
% and 70 %) for the olive moth, and 20 % (ranging between 0% and 67 
%) for the fly. Attack rates to the olive moth models were higher on 
farms that maintained the herb cover (see Table 2 and Fig. 3). However, 
intensity of the ecological contrast by different management did not 
drive important differences on attack rates for the olive fly models. 
Closeness to semi-natural habitat did not explain differences in attack 
rates under differing herb cover management practices and for any pest 
species (see Table 2). 

4. Discussion 

Unlike permanent agroecosystems in tropics, drivers of ant-mediated 
pest control have received little attention in dryland permanent agro-
ecosystems, that cover extensive areas (http://www.fao.org/faostat). 
Using as study system Mediterranean olive groves, the most extended 
arboreal cropland in drylands, we quantitatively report, for the first 
time, that ants have a strong potential for pest control in this agro-
ecosystem at large regional scale. We predicted interacting effects of 
agricultural management and landscape heterogeneity on ant commu-
nity and ant-mediated predation pressure. Our results provided general 
support for our predictions. 

Table 1 
Linear mixed models showing the importance of Management, Landscape and Management*Landscape interaction to explain variations in Ant abundance, 
T. nigerrimum abundance and APF with data for the whole year (olive moth) and only October-November (olive fly). In bold, significant models, with alpha < 0.05. In 
italics, marginally significant models, with 0.05 < alpha < 0.1.  

Response variable Explanatory variable ΔAIC NULL X2 P Marginal R2 Conditional R2 

Ant abundance (moth) 
Management 4.12 6.16 0.013 4.0 27.5 
Landscape 1.43 5.43 0.066 4.7 27.8 
Management*Landscape 5.3 15.30 0.009 10.2 28.9 

T. nigerrimun abundance (moth) 
Management − 1.7 0.21 0.648 0.1 32.0 
Landscape 0.0 3.92 0.141 4.6 33.2 
Management*Landscape − 2.7 7.29 0.200 6.4 34.4 

APF (moth) 
Management 2.8 4.79 0.029 2.9 22.9 
Landscape − 0.2 3.78 0.151 3.0 23.6 
Management*Landscape 0.3 10.3 0.067 6.6 24.9 

Ant abundance (fly) 
Management − 0.67 1.33 0.248 0.8 23.6 
Landscape − 0.10 3.89 0.143 4.1 24.9 
Management*Landscape − 4.52 5.48 0.360 4.9 26.1 

T. nigerrimum abundance (fly) 
Management − 1.92 0.08 0.779 0.1 43.3 
Landscape 1.63 5.63 0.059 7.9 44.0 
Management*Landscape − 2.84 7.16 0.209 9.1 46.2 

APF (fly) 
Management − 1.6 0.39 0.530 0.3 28.6 
Landscape 0.8 4.8 0.091 7.3 29.4 
Management*Landscape − 3.33 6.6 0.247 8.5 30.2  
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4.1. Management effects on ant community and APF 

The overall positive effect of herb cover maintenance on ant abun-
dance and potential predation pressure (i.e. APF) here detected confirms 
the positive relation between local habitat heterogeneity and ant di-
versity predicted in our first hypothesis and previously reported in other 
agroecosytems. For instance, ant diversity diminished with cacao and 
coffee intensification (Philpott and Armbrecht, 2006), with herb cover 
removal in olive groves (Rey et al., 2019), and distance to natural 
vegetation strips in sugarcane (Rivera-Pedroza et al., 2019). The pres-
ence of plant cover, thus, seems to be important for ants because it en-
hances habitat suitability. Herb cover might benefit ant communities in 
different ways, such as, buffering extreme temperatures in summer and 
winter, increasing the presence of alternative prey or providing direct 
feeding resources via floral and extrafloral nectaries (Jones et al., 2017). 

Frequent soil disturbances on farms without herb cover, due to tillage or 
erosion by rain, might drive part of the observed effects as well. Other 
studies found negative effect of tillage on ants (Sharley et al., 2008; but 
see Rodríguez et al., 2012). Also, ant activity is considerably reduced 
due to phenology and climatic conditions in autumn, homogenizing the 
communities of active ants on farms with different herb cover man-
agement regimes. However, other natural enemies might be important, 
and some authors have demonstrated how soil disturbance in autumn 
leads to reduced olive fly predation by soil arthropods (Ortega et al., 
2018). 

As other studies have suggested (Morris et al., 2002), T. nigerrimum 
appears in our study as a very abundant and ubiquitous species in olive 
groves at the regional scale. Moreover, the experiments showed a high 
frequency of this species during the key periods (when pests are in more 
vulnerable stages: spring on the trees, autumn on the ground), with an 

Fig. 2. Landscape and management effects on ant abundance, T. nigerrimum abundance and APF for the olive moth (all sampling period) and the olive fly (only data 
from October and November). Only the best model is represented, based on AIC. In the case that no model was better than the null model, the model with the highest 
marginal R2 was plotted. Letters show Tukey post hoc multiple comparison test with an alpha = 0.1 when statistically significant differences exist. 

Table 2 
Linear mixed models showing the importance of Management, Distance to patches of seminatural habitat (SNH), and their interaction to explain variations in observed 
attack rates to the moth and the fly. In bold, significant models, with alpha = 0.05. In italic, marginally significant models, with alpha = 0.1.  

Response variable Explanatory variable ΔAIC NULL X2 P Marginal R2 Conditional R2 

Attack rates (moth) 
Management 4.44 6.44 0.011 5.8 17.2 
Distance to SNH − 0.75 1.26 0.262 0.3 17.2 
Management*Distance 1.73 7.73 0.052 6.2 17.5 

Attack rates (fly) 
Management 0.21 2.21 0.137 2.0 21.4 
Distance to SNH − 1.81 0.19 0.662 0.0 21.3 
Management*Distance − 2.05 3.00 0.268 2.2 19.2  
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active foraging behavior, and a high appetence for both pest species (the 
olive moth and the olive fly). Therefore, this ant species is likely an 
important natural enemy for the olive moth and the olive fly, which 
presence and abundance is desirable in olive groves. As previously re-
ported by other authors, T. nigerrimum, seems relatively tolerant to the 
absence of herb cover and landscape simplification (Redolfi et al., 1999), 
being a generalist and opportunistic species (Table S1; Roig & Espadaler, 
2010) and might be a key species for pest control in olive groves without 
herb cover, since it is the species with the overall highest contribution to 
APF in our study (Table S1). This result confirmed the expectations of 
our last prediction. 

4.2. Landscape effects on ants and APF 

As predicted in our second hypothesis, landscape complexity, 
strongly moderated the management effects on ant abundance, and to 
less extent on richness and APF. Aristizábal and Metzger (2019) also 
showed that landscape structure can modulate ant-pest interactions, 
varying the pest control potential. According to the 
intermediate-landscape complexity hypothesis (Tscharntke et al., 2012), 
in our study, the maintenance of the herb cover increased ant abundance 
only in intermediate landscapes. This might be explained by a combi-
nation of spillover from semi-natural habitats to the crop, and differ-
ential use preference of crop and non-crop habitats in different 
landscape contexts. However, differences in ant abundance between 
crop and non-crop plots did not vary across landscapes (although rich-
ness did, see Fig.S3), indicating that this pattern is not a matter of 
habitat preference. We argue that intermediate landscapes provide 

intermediate disturbance/heterogeneity, favoring non-dominance and 
coexistence of generalist and tolerant species at higher densities. Other 
authors have shown that habitat and landscape complexity affect nat-
ural enemy abundance (Álvarez et al., 2019) and overall predation 
pressure by soil arthropods on olive pests (Ortega et al., 2018) which 
suggests that additive effects might be important. 

4.3. Ecological contrast effects on ants and APF 

Ant abundance and richness were negatively affected also by the 
intensity of the ecological contrast, showing that in the olive groves from 
Andalusia ants are affected by the use of pesticides or synthetic fertil-
izers. Likewise, a study in Portuguese olive groves, identified Formicidae 
as one of the most sensitive taxa to insecticide application (Santos et al., 
2007a, 2007b). Surprisingly, although the intensity of the ecological 
contrast affected ant abundance and richness it was not a major deter-
minant of the ant’s predation function on olive pests in our farms, which 
may be related to the fact that the most abundant and important species 
for pest control are generalists (e.g. T. nigerrimum or A. senilis). In any 
case, this result does not provide much support to the ecological contrast 
hypothesis (i.e., to our third prediction) for ant-mediated predation 
pressure in our system, hypothesis that was, however, validated on the 
same olive groves for solitary bees (Martínez-Núñez et al., 2020), and 
has found support also in other agroecosystems for pollinators (Marja 
et al., 2019). We suggest that contrasting results between insect polli-
nator and ant-mediated services in the response to the intensity of 
ecological contrast by AES in olive groves might be due to the more 
direct exposition of pollinators to pesticides compared to 

Fig. 3. Management effects on attack rates to plasticine dummies mimicking olive moth (left) and olive fly (right) larvae. Letters show Tukey post hoc multiple 
comparison test with an alpha = 0.1. 
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ground-dwelling ants. 
While ant-community predation function (APF) against the olive 

moth increased clearly on farms that maintained the herb cover, the APF 
for the olive fly did not, because ant activity and detected abundance 
was strongly reduced in autumn on all farms to similar levels. This result 
provided only partial support to our fourth prediction. Remarkably, this 
result matches the outcomes found for attack rate patterns to plasticine 
models. Attack rates against the olive moth were higher on farms that 
maintained the herb cover, but this pattern was diluted for the olive fly, 
due to this reduction in ant activity (and APF). This result shows that our 
index (i.e. the ant predation function), reflects accurately ants’ preda-
tion pressure over these two pest species, and is a good predictive 
measure of pest control potential in olive groves (as predicted in the 
hypothesis five). Nonetheless, there is need to acknowledge that ants, as 
typical generalist predators, can provide disservices as well, by predat-
ing on other potential natural enemies, or even protecting some pests 
from enemies (e.g. the vine mealybug in table-grave vineyards, Beltrà 
et al., 2017). Therefore, further research is needed in olive groves to 
understand their net effect when accounting for multispecies and overall 
pest control. 

Overall, this study shows how the maintenance of herb cover and 
certain levels of landscape complexity are needed to maximize ant- 
driven predation pressure over pests in olive groves. 
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