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A B S T R A C T   

Agri-environmental schemes (AES) of the Common Agricultural Policy (CAP) aims at reversing the negative 
effects of agricultural intensification on biodiversity and ecosystem services. Landscape context may modulate, 
and even constraint, AES effectiveness. We evaluate AES effectiveness on ant abundance, diversity and com-
munity composition. Ants are an ecologically dominant group whose response to conservation efforts in farmland 
has been rarely evaluated, despite its role in weed control, particularly in Mediterranean farmland. 

Ants were sampled in the edge and in the centre of paired cereal fields, managed with and without AES in 
three study areas along a landscape complexity gradient. AES application had no significant effects on ant species 
richness or ant community composition. Richness increased in fields and landscapes with higher amounts of 
complex edges and decreased towards the centre of the fields. Specialist granivorous ants (harvester ants, Messor 
spp.) were the most abundant. Abundance of foraging ants increased with the amount of complex edges around 
fields and in the landscape. AES application increased ant abundance close to field edges but not in field centers. 
AES fields had less specialist granivorous foraging in their centers than in control field centers. 

Ant communities in Mediterranean cereal cropland were mostly constrained by the availability of complex 
edges, needed for nest building. AES increased the abundance of foraging ants, mostly specialist harvester ants, 
and its potential service of weed control, but close to field edges mainly. Measures promoting the abundance of 
stable edges rather than of ephemeral headlands in the landscape are essential to enhance the potential of AES for 
increasing ant-mediated ecosystem services of weed control.   

1. Introduction 

The loss of taxonomic and functional biodiversity is one of the 
biggest consequences of worldwide land use changes (Foley et al., 2005; 
Sala et al., 2000). Such changes occurred principally along the 20th 
century, due to the transformation of large amounts of land into crop-
lands (MA, Millennium Ecosystem Assessment, 2005). In Europe, where 
agricultural expansion occurred much earlier, intensification of agri-
cultural land use from the mid-20th century onwards was the main 
driver of biodiversity loss and its impact on ecosystem functioning and 
structure (Cardinale et al., 2012). Therefore, the conservation of 

biodiversity and its associated ecosystem services in Europe and in other 
countries with a long agricultural history, depends critically on the 
management of human-modified landscapes (Díaz and Concepción, 
2016). 

Management of actual agroecosystems is highly dependent of 
various synthetic supplies, as fertilizers (Altieri, 1999) and pesticides 
(Altieri and Nicholls, 2011). Agri-environmental schemes (AES) of the 
Common Agricultural Policy (CAP) finance the reduction of those sup-
plies, as well as a limitation of farming activities in some periods, and 
are nowadays the main conservation tool in European agroecosystems 
(Batáry et al., 2015). The evaluation of the effectiveness of these 
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measures, however, has not been included in political evaluations, 
despite the key role of environmental benefits to justify CAP subsidies 
(Batáry et al., 2015; Concepción et al., 2020; Díaz and Concepción, 
2016; Kleijn et al., 2006; Pe’er et al., 2019). 

Effectiveness of AES is constrained by the surrounding landscape 
(Concepción et al., 2008, 2012a) and depend on the level of agricultural 
extensification (ecological contrasts) they achieved (Batáry et al., 2015; 
Kleijn et al., 2006; Tarjuelo et al., 2020). As a result of the interaction 
between local and landscape factors related to agricultural intensifica-
tion, AES effectiveness is expected to be highest in agroecosystems of 
intermediate landscape complexity and land use intensity (Batáry et al., 
2011, 2015; Concepción et al., 2008, 2012a; Díaz and Concepción, 
2016; Kleijn et al., 2011; Tscharntke et al., 2012). Interactive effects of 
intensification-related factors at distinct spatial scales are expected to 
vary among species groups, ecosystem services’ provision and regions 
(Díaz and Concepción, 2016). Differential perception of landscapes by 
organisms differing in size and mobility imply different responses of 
different groups to the same landscape structure. Further, non-linearity 
of landscape effects limits the generalization of responses to local- and 
landscape-scale management to different species groups (Concepción 
et al., 2008, 2012a, 2020; Díaz and Concepción, 2016). 

Surprisingly, very few studies have investigated the effects of AES on 
ants, despite they are considered as a key group because of their usually 
large biomass share (Höldobler and Wilson, 2009) and their dominant 
role in terrestrial ecosystem function (Folgarait, 1998). Ants play a 
major role in the provision of ecosystem services and in the maintenance 
of ground functionality, and are key nodes in interaction networks 
(House et al., 2012; Lobry De Bruyn, 1999). A very high number of 
myrmecophiles and social parasites, many of them included in insect red 
lists, are dependent on ants (Thomas, 2005). Furthermore, ants are 
sensible to a variety of environmental perturbations or ground condi-
tions in agroecosystems (Peck et al., 1998). This ecological relevance, 
combined with the fact that ants are organisms thoroughly extended and 
easy to sample make ant monitoring a useful tool for evaluating the 
conservation state of terrestrial ecosystems (Agosti et al., 2000). 

Several additional reasons support the use of ants for monitoring the 
effect of AES and agricultural management on agroecosystem state. 
Apart from their role in other ecosystem services, ants have a strong 
effect in weed control, due to the impact of granivorous ants on weed 
seed banks, especially in Mediterranean croplands (Baraibar et al., 
2009). Seed predation rates are however highly dependent on ant’s nest 
distribution across the farmed landscape (Diaz, 1991), that determines 
local abundance of foraging harvester ants (Díaz, 1992). Therefore, the 
response of ants to agroecosystem and landscape management is ex-
pected to be high, and probably different from those observed for other 
groups of terrestrial invertebrates. All ants are eusocial insects that 
depend on stable, usually large and long-lived, permanent nests 
(Höldobler and Wilson, 2009). Hence, its sensitivity to management in 
periodically disturbed systems such as croplands would be stronger than 
sensitivity of the short-lived or solitary arthropod groups best studied to 
date, bees, butterflies or carabids, mainly (Albrecht et al., 2020; Batáry 
et al., 2011; Mader et al., 2018, 2017; Martin et al., 2019; Scheper et al., 
2013), which could be more sensitive to year-to-year weather fluctua-
tions (Pollard, 1991; Roy et al., 2001) and less indicative of background 
trends. 

Here we analyze the effects of AES and landscape context on species 
richness, species composition and abundance of ant communities in dry 
cereal croplands of central Spain. Specifically, we aim to analyze ant 
abundance and species richness in fields where AES were implemented 
and in control fields along a landscape complexity gradient. Also, we 
explore the potential influence of the landscape and AES application on 
weed control ecosystem service in croplands, mediated by ant commu-
nity composition according to ants’ diet. 

2. Material and methods 

2.1. Study area 

Sampling fields were located in the municipalities of Retuerta del 
Bullaque (Ciudad Real), Huecas (Toledo) and La Guardia (Toledo) 
(Fig. 1). These three study regions are dominated by extensively 
managed cereal croplands (Concepción et al., 2012b, 2012a, 2008). The 
three regions are close to each other (60− 80 km) but differ in landscape 
configuration. Retuerta del Bullaque represents the most complex, 
fine-grained landscape, Huecas an intermediate landscape and La 
Guardia is the simplest, most coarse-grained landscape (Concepción and 
Díaz, 2011). Weed communities of study fields were previously studied 
(Concepción et al., 2012b). 

2.2. Sampling design 

Seven field pairs were selected in each study region. Each pair was 
composed by a field in which AES had been applied during at least 5 
years and a field cultivated in the usual way, that was used as a control 
(Concepción et al., 2008). The evaluated schemes are aimed at pro-
tecting steppe birds in extensively managed cereal fields and consists in 
limitations to fertilizer and pesticide applications as well as restrictions 
of agricultural activities to certain periods to avoid disturbance to 
breeding birds (Kleijn et al., 2006). 

Fields within pairs were cultivated with the same cereal species 
(mostly barley Hordeum vulgare or wheat Triticum aestivum) and were 
selected close to each other, minimizing differences between them in 
size, shape, soil type, and landscape context (Concepción et al., 2012b). 

Foraging ants were sampled by means of pitfall traps 15 cm of 
diameter and 11 cm deep (Duelli et al., 1999). Traps were buried to soil 
level and covered with an elevated roof to avoid effects of rainfall or 
sunshine on the preserving liquid (2/3 of 70◦ ethanol and 1/3 of glyc-
erine, filling 1/3 of the trap). One trap was set 50 m away from the 
nearest edge (centre trap hereafter) and the other trap was set near the 
edge, on the first furrow parallel to the edge and more than 50 m away 
from the field’s corners. Sampling was done from early May to late June 
2003. Traps were set for three 2-week periods: two consecutive 2-week 
periods and a final 2-week period after a 2-week interval in which traps 
were closed (6 weeks in total; (Duelli et al., 1999)). Trap contents were 
preserved in 70◦ ethanol. 

Collected ants (foraging workers) were identify to species with a 
binocular microscope using the dichotomy keys from Lebas et al. (2017) 
and Gómez and Espadaler (2007). Species richness and abundance of 
foraging workers were computed by pooling data for the three trapping 
periods. Overall abundance and richness, and abundance and richness of 
granivorous ants, either overall granivores or only specialist ants, were 
computed for each trap. Species’ diets were taken from Lebas et al. 
(2017). 

The abundance of all species and the abundance of granivorous 
species (specialist and generalist) were analyzed separately because of 
the potential key role of granivorous ants in weed control (Baraibar 
et al., 2009). Number of ant foragers trapped were taken as a direct 
estimate of food search intensity of ants nesting nearby (Baraibar et al., 
2009; Díaz, 1992). 

The landscape metric selected to estimate landscape complexity 
around trap location was total length of boundaries with natural or semi- 
natural vegetation (mostly grassy strips between fields with shrubs or 
scattered trees), based on previous studies (Concepción et al., 2012a, 
2012b, 2008). Length of such boundaries was measured at the scale of 
the fields sampled (i.e., boundaries surrounding study fields) and in 500 
m-radius circular buffers centered in such fields (Concepción et al., 
2008). Measures were done on digitalized aerial photographs using 
ArcView 3.2 (ESRI, 2000). 
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2.3. Statistical analysis 

Generalized Lineal Mixed Models (GLMM) with logarithmic link and 
Poisson distribution of errors were used to analyze the effects of AES and 
landscape context on ant communities. Random factors were field pairs 
nested in study regions. Fixed factors were management type (AES 
application vs. control) and trap location (edge vs. centre). Log- 
transformed lengths of field boundaries both around focal fields and in 
buffers were included in the models as explanatory variables, testing its 
main effects on ant species richness and abundance and its interactive 
effects with AES application (see Concepción et al., 2008 for more 
details). 

The GLMM used were selected based on a complete model with all 
the explanatory variables and their interactions. Then, non-significant 
interactions were eliminated. Next, non-significant variables that were 
neither included in significant interactions were step-wisely eliminated 
after verifying model improvement in accordance to the Akaike’s In-
formation Criterion (AIC) (Burnham and Anderson, 2004). 

A Non-Metric Multidimensional Scaling (NMDS) was used to 
compare graphically ant community composition in relation to the 
management (AES or control), trap location (edge or centre) and the 
study area. Ant communities were compared with a PERMANOVA in 
relation to the same explanatory variables (Legendre and Legendre, 
2012). 

3. Results 

We collected 20,481 ant workers belonging to 26 species, 15 genera 
and three subfamilies in the 18 pairs of fields (Supplementary Table 1). 
Three out of the seven pairs selected in La Guardia could not be sampled 
due to logistic constraints (Kleijn et al., 2006). Messor (specialist 
harvester ants; Lebas et al., 2017; Díaz, 1992, 1991) was, by far, the 
most diverse and abundant genus in our samples; being M. barbarus the 
most abundant (56% of total individuals) and the most prevalent (86% 
of the traps) ant species. Four species were exclusive of AES fields 
(Cardyocondila batesii, Formica cunicularia, M. capitatus and Oxy-
opomyrmex saulcyi) and one was unique to control fields (Temnothorax 
fuentei; Supplementary Table 1). 

Species richness was not affected by the type of farmland manage-
ment. Only trap location and landscape variables showed significant 
effects. Specifically, the overall species richness and overall granivorous 
richness was higher in the edge traps. Length of complex margins in the 
surrounding landscape had also positive effects on overall species rich-
ness. This landscape variable was also significant at the field scale, but 

for specialist granivorous ants only (Table 1). 
Effects on ant abundances were more complex than for species 

richness. Management had no significant effect, but in interaction with 
trap location had a positive effect on ant abundance: they were more 
abundant on edge traps of control fields (Fig. 2). Interestingly, location 
effects, by itself, were only significant for the granivorous ants, both 
overall and specialist, which indicates that these foraging ants were 
more abundant close to edges. Length of complex edges at field scale was 
positively associated to overall species and specialist granivorous ant’s 
abundance (Table 1). Abundance increases differed according to trap 
location: edge traps capture more individuals as edge length increased 
(Fig. 3). Therefore, AES effectiveness was constrained by landscape 
variables. 

The NMSD results did not show any difference in ant community 
composition neither in relation to management nor to management x 
location interactions. Species composition was more homogeneous for 
the centre than for the edge traps (F1,70 = 2.55; p = 0.007; Fig. 4). Edge 
traps presented eight unique species while centre traps just one. 

4. Discussion 

Responses of ant communities to AES in Mediterranean cereal 
cropland were strongly constrained by landscape structure, as found for 
grasslands (Pérez-sánchez et al., 2018). Complex field edges with low 
shrubs and scattered trees at both field and landscape scales shaped ant 
community composition. Positive effects of AES on ant abundance were 
concentrated close to such edges and were enhanced by edge length at 
both field and landscape scales. Measures promoting the abundance of 
stable field edges in the landscape would thus be essential to enhance 
AES effects on ants. Such measures are not currently implemented in 
most Spanish AES (Concepción et al., 2020; Concepción and Díaz, 
2019). 

Landscape influence on biodiversity has been attributed to either 
landscape structure or landscape configuration effects, or to biotic 
conditions such as local climate or soil attributes in grassland 
(Pérez-sánchez et al., 2018). Habitat diversity in complex landscapes 
would enable source populations inhabiting stable habitats to repeat-
edly rescue sink populations in nearby cropped lands (Benton et al., 
2003)It is shown that invertebrate species richness and abundance were 
positively correlated with landscape complexity (Gonthier et al., 2014), 
and also that ant species richness was influenced by landscape structure 
(Dauber et al., 2003). Overall, arthropods were most abundant in 
landscapes that combine high edge density with high proportion of 
semi-natural habitat (Martin et al., 2019). 

Fig. 1. Location of the sampled municipalities (H: Huecas, LG: La Guardia, RB: Retuerta de Bullaque). Natura 2000 sites protected under the Habitats and Birds 
Directives, (http://natura2000.eea.europa.eu/), where the analysed AES were applied, are shown. 
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Pesticide applications can reduce the taxonomic and functional di-
versities of local insect communities (Brittain et al., 2010). Ant species 
richness did not respond to AES despite they include significant re-
ductions in pesticide and fertilizer applications (Kleijn et al., 2012). Low 
species richness (Concepción and Díaz, 2019), or resilience to pesticides 
of the ant communities that occupy disturbed Mediterranean habitats to 
pesticides (Hevia et al., 2019), may be alternative explanations to this 
lack of effect. Fertilization has no significant effect on ant species rich-
ness on temperate grasslands, only affecting indirectly ants by altering 
plant communities (Heuss et al., 2019). 

Ant communities occupying field centers were subsets of the ant 
communities of field edges, a fact that may be explained by a continuous 
spill over of colony founders or foragers from the surrounding landscape 
(Kleijn et al., 2011). Ant community composition should then be 

strongly dependent on community dynamics in the areas surrounding 
fields (Crist, 2009). Ecotones with large structural heterogeneity, such as 
hedgerows, have been found to improve regional biodiversity of both 
insects (Martin et al., 2019; Duelli, 1997) and weeds (Concepción et al., 
2012b). 

Table 1 
Results of Generalized Lineal Mixed Models analysing AES and landscape effects on the species richness and abundances of overall, overall granivorous and specialist 
granivorous ants. Significant fixed factors were Management (Man; AES or control fields), Location (Loc; edge or centre traps) and length of complex edges at field scale 
(L3f) and in 500 m buffer areas around focal fields (L3b).   

Random effects Fixed effects  

σ2  Estimate z P 

RICHNESS 

Overall species Region:Field 0 Intercept 1.767 19.92  
AIC = 316.310 Location − 0.434 − 4.32 1.5 × 10− 5 

d.f. = 4 L3 buffer 0.100 3.10 1.9 × 10− 3 

Overall gran. Region:Field 0 Intercept 1.344 15.78  
AIC = 263.515 

Location − 0.254 − 1.975 0.048 d.f. = 3 
Specialist gran. Region:Field 1.97 × 10− 17 Intercept 0.078 0.63  
AIC = 181.394 L3 field 1.2 × 10− 3 2.43 0.015 
d.f. = 3 

ABUNDANCE 

Overall species Region:Field 0.613 Intercept 5.088 22.49  
AIC = 8424.954 Management 0.067 0.25 0.801 

d.f. = 9 

Location 0.042 1.54 0.125 
L3 field 3.2 × 10− 3 3.67 2.4 × 10− 4 

L3 buffer 0.015 0.16 0.847 
Man × Loc − 0.641 − 20.21 <2 × 10− 6 

Loc × L3f − 6.3 × 10-4 − 9.03 <2 × 10− 6 

Loc × L3b − 0.058 − 4.92 8.8 × 10− 7 

Overall gran. Region:Field 0.911 Intercept 4.700 19.61  
AIC = 263.515 Management 0.218 0.68 0.495 

d.f. = 3 
Location 0.248 11.68 <2 × 10− 16 

L3 field 2.4 × 10− 3 2.51 0.012 
Man × Loc − 1.069 − 31.23 <2 × 10− 16 

Specialist gran. Region:Field 1.986 Intercept 4.128 10.11  
AIC = 6462.362 Management 0.389 0.81 0.416 

d.f. = 8 

Location 0.133 4.13 3.6 × 10− 5 

L3 field 4 × 10− 3 2.59 9.5 × 10− 3 

L3 buffer − 0.126 − 0.73 0.463 
Man × Loc − 1.390 − 33.95 <2 × 10− 16 

Loc × L3b 0.040 3.19 1.4 × 10− 3  

Fig. 2. Ant abundance (+SD) in relation to the management and trap location. 
Black: all ants; grey: generalist granivores; white: specialists granivores. Note 
logarithmic scale. 

Fig. 3. Abundance of foraging ants in relation to the length of complex edges, 
with low shrubs and scattered trees, around focal fields. Black dots, pointed 
line: centre traps; white dots, continuous line: edge traps. 
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Field boundaries, together with uncultivated habitats, provide 
additional food resources and safer nesting places within agricultural 
landscapes (Concepción et al., 2012a, 2012b). Unploughed ground has 
been found essential for nest building in bee species (Steffan-Dewenter 
and Schiele, 2008), as well as for harvester ants in Mediterranean dry 
cropland (Diaz, 1991). Low shrubs within unploughed habitats are 
selected by ants, probably because shrubs enhance soil conditions for 
nest maintenance (Díaz, 1991). This fact may explain the key role of 
complex edges for ant distribution. 

Landscape effects on arthropod communities are in turn related to 
provision of key ecosystem services (Bennett et al., 2006; Martin et al., 
2019). Hevia et al. (2016) highlighted the importance of drove roads, 
complex lineal landscape structures typical of Mediterranean regions, on 
bee abundance and richness and on the pollination service in adjacent 
sunflower fields. Edge management for ants would enhance natural 
weed control in dry cereal croplands, as shown by the strong dominance 
of harvester ants. Seed predation rates of ants in these landscapes are 
much higher than those of other granivores such as birds or mice (Díaz, 
1994). Seed predation by ants may be enough to control the populations 
of some weeds (Baraibar et al., 2009; Westerman et al., 2012), and 
would offset yield losses of cereals taken by foraging ants (Baraibar 
et al., 2011). However, seed removal rates strongly decline with distance 
to ant nests due to the central place foraging strategy of ants (Díaz, 
1992), a fact that explain why foraging activity is concentrated near 
field edges. Higher weed abundance in AES fields that in controls 
(Concepción et al., 2012b), together with central place foraging from 
nests located mostly at complex field edges, may explain why harvester 
ants concentrate even more its foraging activity in AES fields than in 
controls. 

Edge management plays a central role in many European conserva-
tion programs for agrarian landscapes (Dauber and Wolters, 2004), but 
it is essentially focused on maintaining conservation headlands, strips of 
ploughed land along field borders that are not sowed and harvested, or 
are sowed with seed mixtures of wild flowers to favor pollinators. As 
ploughing eliminates both nests and woody vegetation, conservation 
headlands would not be suitable to preserve ant communities in farm-
land and its potential service of weed control. 

Preserving wildlife in croplands, and enhancing the ecosystem ser-
vices they provide, requires incorporation of wildlife requirements into 
AES and evaluation of their performance (Díaz and Concepción, 2016). 
An increasing number of studies emphasize the need to adopt 
multi-scale approaches to evaluate the effect of AES on farmland 

biodiversity conservation (Concepción et al., 2012b). Guidelines to 
adapt policy tools to this reality must consider the necessities of defined 
target groups within landscape constraints (Díaz and Concepción, 
2016). Our findings suggest that the conservation of the complexity of 
agrarian landscape could allow the maintenance of a greater richness 
and abundance of ants, potentially enhancing weed control. The pro-
motion of uncultivated habitats within croplands for biodiversity and 
ecosystem service conservation, the so-called new “green architecture”, 
using compulsory tools of the CAP Pillar I, may be an even better 
alternative to tackle landscape-scale constraints (Concepción et al., 
2020). A change in edge management prescriptions within 
agri-environmental policy is needed, promoting complex and stable 
edges rather than ephemeral headlands. 
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Gómez, G., Espadaler, X., 2007. Hormigas Ibéricas. http://hormigas.org/. 
Gonthier, D.J., Ennis, K.K., Farinas, S., Hsieh, H.Y., Iverson, A.L., Batáry, P., Rudolphi, J., 

Tscharntke, T., Cardinale, B.J., Perfecto, I., 2014. Biodiversity conservation in 
agriculture requires a multi-scale approach. Proc. R. Soc. B Biol. Sci. 281 https://doi. 
org/10.1098/rspb.2014.1358. 
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Concepción, E.D., Coudrain, V., Dänhardt, J., Diaz, M., Diekötter, T., Dormann, C.F., 
Duflot, R., Entling, M.H., Farwig, N., Fischer, C., Frank, T., Garibaldi, L.A., 
Hermann, J., Herzog, F., Inclán, D., Jacot, K., Jauker, F., Jeanneret, P., Kaiser, M., 
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