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Abstract. Ants (Hymenoptera: Formicidae) are a diverse and abundant part of soil fauna with the ability
to maintain and restore soil quality and to increase crop yields in agroecosystems. Some ant species are
sensitive to land management, which makes them good bioindicators of soil function in land use
management and conservation throughout the world. In Croatia, ants are understudied and they were
never sampled on agricultural crops. In this study, we used pitfall traps to collect ants on three different
land use types: annual crops, perennial crops, and semi-natural habitats. We found 12 ant species, out of
which one species, Tetramorium atratulum (Schenck, 1852), is a new record for Croatia. We observed
significantly lower ant abundance on annual crops than on both perennial crops and semi-natural habitats.
Similarly, ant richness and diversity were lowest on annual crops, although this difference was not
statistically significant. Our results contribute to the increasing evidence that intensive agricultural
practices, particularly soil tillage, are detrimental to the arthropod diversity. The transition to sustainable
agriculture will require utilizing the ecosystem services of naturally occurring insects, such as ants.
Keywords: Formicidae, Tetramorium atratulum, sustainable agriculture, CAP, bioindicators, reduced
tillage

Introduction

Agricultural intensification across Europe has a severe impact on the environment,
mainly through pesticide and nitrate pollution, soil erosion, loss of habitats, and
simplification of animal and plant communities, all of which leads to the decline and
extinction of wildlife (Skinner et al., 1997; Stoate et al., 2001; Schweiger et al., 2005;
German et al., 2017). With additional pressures of human population growth and climate
change (Piao et al., 2010; Myers et al., 2014) the intensive, industrial-scale crop
production has become unsustainable, and the need is recognized for a transition to
agroecological farming systems. Traditional farming, organic farming, and conservation
agriculture all tend to govern management by ecological principles, to decrease the
environmental impact, and to increase the nutritional value of the produced food (Hobbs
et al., 2008; Reganold and Wachter, 2016; German et al., 2017). One of the important
goals of agroecology is the efficient utilization of ecosystem services of naturally
occurring organisms, in particular insects and other invertebrates (Lavelle et al., 2006).
This includes using diversity and abundance of soil fauna as indicators of soil quality,
integrated pest management, and incorporating agricultural practices that support the
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biodiversity of soil organisms, which are crucial for soil health (Power, 2010; Sanabria et
al., 2014; Furlan et al., 2017).

Ants (Hymenoptera: fam. Formicidae) are ubiquitous, diverse, and dominant terrestrial
insects (Holldobler and Wilson, 1990). Majority of ant species nest in soil, and have a
well-documented impact on its biological, physical, and chemical properties (Stadler et
al., 2006; Frouz and Jilkova, 2008; Dorn, 2014; Farji-Brener and Werenkraut, 2017). By
creating micropores ants aerate the soil and increase its water absorption, bring in
minerals and nutrients (Lobry De Bruyn, 1999; Evans et al., 2011), improve soil fertility
(Farji-Brener and Werenkraut, 2017), and ant nests are an important resource for other
organisms. The vicinity of ant nests has 30 fold higher density of microarthropods, five-
fold higher density of protozoa, and significantly higher mineralization rates (Lobry De
Bruyn, 1999; Wagner et al., 2004). Large-scale exclusion experiments on ants in
agricultural systems show that ants have a positive net influence (up to 50%) on crop
yield, as they increase soil porosity and moisture; nitrogen, carbon and phosphorus
content, microorganism biomass, and decrease pest populations (Evans et al., 2011;
Wielgoss et al., 2013; Gras et al., 2016; Shukla et al., 2016).

Additionally, ants can be used as bioindicators of soil quality in land management
(Read and Andersen, 2000; Andersen et al., 2002; Sanabria et al., 2014). Ants, in general,
respond rapidly to environmental changes, they are abundant and easy to sample, and
some species have specific ecological requirements (Dufréne and Legendre, 1997; Lobry
De Bruyn, 1999; Underwood and Fisher, 2006; Sanabria et al., 2014). The practice of
using ants as tools in land management is more common in tropical and subtropical than
in temperate agroecosystems (Dufréne and Legendre, 1997; Lobry De Bruyn, 1999;
Underwood and Fisher, 2006; Sanabria et al., 2014). Several studies in Europe show
potential for using ants in land management. In Italy and France ants were good
bioindicators of organic farming (Masoni et al., 2017) and environmentally safe soil
amendment treatments (Castracani et al., 2015), as well as a useful tool in conservation,
e.g. as indicators of restoration processes (Ottonetti et al., 2006).

Ant research has been relatively neglected in Croatia (Bracko, 2006). The national ant
survey was never conducted, and collections focus on a series of small scale inventory
studies in protected areas (JeSovnik et al., 2011; JeSovnik and Pecarevic¢, 2018). Ants were
never investigated in the context of agricultural habitats in Croatia, unlike other
arthropods, e.g., carabid beetles (Lemié et al., 2016, 2017; Paja¢ Zivkovi¢ et al., 2016). In
this study, we investigate ant fauna associated with agricultural habitats in Croatia,
determine which species are associated with intensive agriculture, and test whether ant
species richness, abundance, diversity, and community composition differ between annual
and perennial crops. We predict that agricultural intensity would negatively affect the
abundance, richness, and diversity of ants.

Materials and methods
Study site and data collection

We conducted the fieldwork in Zagreb, Croatia (45°49'N 15°59'E, altitude 145
meters), on experimental fields of Faculty of Agriculture and surrounding semi-natural
habitats. Zagreb has a temperate continental climate modified by the maritime influence
of the Mediterranean and under the local influence of Mount Medvednica (Zaninovi¢ et
al., 2008). Based on the last comprehensive review of Croatian ants Zagreb has 23 ant
species (Bracko, 2006).

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17(6):12709-12722.
http://www.aloki.hu @ ISSN 1589 1623 (Print) @ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1706_1270912722
© 2019, ALOKI Kft., Budapest, Hungary



Jesovnik et al.: Ant fauna of annual and perennial crops
-12711 -

We sampled ants on three plots per each land use type (nine plots total): on annual
crops (potato, soy, corn), perennial crops (two apple orchards and vineyard), and on
non-agricultural habitats as a control (three semi-natural habitats: meadow, meadow
next to the forest edge, park-forest). Each plot was 25 x 11 meters in size. The annual
crop fields were the most intensive agricultural management regime in our study, with
standard and deep soil tillage and pre-planting soil preparation in autumn. The perennial
plots represented the intermediate management regime, with no tillage or any other
mechanical soil manipulation, and with mowing as only cultivation technique. Both
annual and perennial crops had a variable degree of fertilization and insecticide use
(details in Table 1). Sampled semi-natural habitats had no soil management regime, no
fertilizer was used, and the mowing was the only cultivation regime. Semi-natural
habitats were chosen to represent the gradation from open to closed habitats, and to be
as natural as possible considering their location in the urban area. All plots were located
on the University of Agriculture campus or adjacent to it (Fig. 1).

Table 1. Study plots (Zagreb, Croatia). T — Tillage, F — Fertilizer, | — Insecticide

Plot Land use Habitat T F | Latitude Longitude
P1 control meadow - - - 45.826548 16.029084
P2 control meadow - - - 45.828077 16.028118
P3 control park forest - - - 45.826011 16.030004
Vi perennial orchard - yes yes 45.828628 16.029201
V2 perennial orchard - - - 45.826138 16.028996
VL perennial vineyard - yes - 45.827507 16.028881
KR annual potato field standard yes yes 45.829358 16.034092
KU annual corn field deep yes - 45.827378 16.034005
SO annual soy field standard yes - 45.825106 16.032288

Figure 1. Map with localities of sampling plots (P1, P2, P3 — control; V1, V2, VL — perennial;
KR, KU, SO — annual plots) in Zagreb, Croatia

We sampled ants using pitfall traps (100 mL container, 6 cm diameter), which are the
standard sampling technique of ground-nesting ants (Agosti et al., 2000). We set up 10
pitfall traps per plot, five in each of two parallel rows, with a 4-meter distance between
the individual traps, and a minimum of 4.5 m distance from the plot edge. Pitfall traps
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were filled with 2025 mL of the mixture of 90% ethanol, water, glycerol, and detergent.
The traps were active for 48 hours, from 12-14 July 2018, after which they were
collected, labeled, and ants were sorted into 90% ethanol. The 48-hour period of trapping
is recommended as a standard protocol for the efficient estimate of abundance,
occurrence, and community composition of ants (Agosti et al., 2000; Borgelt and New,
2006), and it is frequently used in similar studies (Castracani and Mori, 2006; Ribas et al.,
2011; Frizzo and Vasconcelos, 2013).

Data processing and analyses

We identified collected ants to the species level using taxonomical keys (Agosti and
Collingwood, 1987; Seifert, 2007; Wagner et al., 2017) and online resources
(antweb.org). Specimens were counted, and at least one representative of each species
was pinned and deposited in Croatian myrmecological society collection (HMD, Zagreb,
Croatia). Map of the sampling plots was prepared in ESRI GIS ArcMap 10.1 software.

We calculated descriptive statistics, ant species richness (S), diversity (Shannon-
Weiner’s index, H” and Fisher’s alpha), and abundance (individual counts per species) for
each plot and each land use type. We conducted a one-way analysis of variance
(ANOVA) on log-transformed data to compare the effect of agricultural intensity on ant
richness, abundance, and diversity in our studied land use types (annual, perennial, and
control habitat). When the results of ANOVA were significant, we ran the post hoc Tukey
test to calculate the significant difference between individual groups (annual-control,
annual-perennial, control-perennial). To investigate the differences in ant community
assemblages between the land use types we used non-parametric multidimensional
scaling (NMDS) based on pairwise distance (Bray-Curtis dissimilarity) using ant
abundance data. We ran all of the analyses and created plots in R program language (R
Development Core Team, 2014), using packages vegan, ape, picante, and psych. The
custom R code we used is available online from https://github.com/anajesovnik/AgriAnt.

Results
Comparison of ant communities of different agricultural intensity

We collected a total of nine ant species in semi-natural habitats, eight on perennial
crops, and six species on annual crops. The differences in ant abundances show a
similar trend, with 175 individuals collected on semi-natural habitat, 158 on perennial,
and 34 on annual crops (Table 2, Fig. 2).

Table 2. Mean (+ standard deviation) ant species richness, abundance, and diversity

Land use Richness Abundance Diversity (H")
control 5.67 (£0.58) 58.33 (£ 13.65) 1.3 (£0.13)

perennial 4.67 (£1.53) 52.67 (£ 13.65) 1.21 (£0.3)
annual 2.33 (£1.15) 11.33 (£9.24) 0.57 (= 0.52)

Ant abundance on plots with different agricultural intensity was statistically
significantly different (ANOVA F,=13.58, p=0.00593). The post hoc Tukey test
found a significant difference in ant abundance between the annual and control
(p=0.008) and annual and perennial groups (p=0.01). In contrast, ant richness and ant
diversity (Fisher’s Alpha) were not significantly different between different land use
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plots (richness: ANOVA F=4.53, p=0.0631; diversity: ANOVA F6=0.568,
p=0.594), although they showed the same trend: both richness and diversity were
decreasing with the increase in agricultural intensification (Table 3). The results of the
NMDS analysis (stress value: 0.08, R?=0.993) show an overlap of ant communities of
different land use types (Fig. 3), with no clear clustering of plots based on land use type.
One of the annual crop plots (potato field) grouped closer to natural and perennial plots.
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Figure 2. Ant richness and abundance across different land use types. Significant level for post
hoc test was 0.05

Table 3. Ant species abundance per plot replicates in different land use types. Species names
are followed by the index to species’ image in Figure 4

control perennial annual
P1 P2 P3 V1 V2 VL KR KU SO |

Species

Ponera coarctata 4h - - - - 1 - - - -
Aphaenogaster subterranea 4f - - 21 - 3 - - - -
Myrmica scabrinodis 4e 1 - 4 8 - - -
Solenopsis fugax 4d 30 14 3 6 5 2 - - 3
Tetramorium caespitum 4b - 7 - 24 - 17 16 - 2
Tetramorium semilaeve 4g - 3 - - - - - -

Tetramorium atratulum 4k - 1
10 5 7 20 18 5 -

Formica cunicularia 4a 2 -
Lasius myops 4i - - - 2 - - - 1
Lasius niger 4c 8 37 19 23 22 - - 6 -

Polyergus rufescens 41 1 3 - - - - - - -

Tapinoma erraticum 4j 7 - - - - - - - -

Total richness 6 6 5 5 6 3 3 1 3
Total abundance 49 74 52 62 59 37 22 6 6

The composition of ant communities

During this study, we collected 367 ants, belonging to 12 species within four ant
subfamilies and nine genera (Table 3, Fig. 4). Eight of the species (Formica cunicularia
Latreille, 1798; Lasius myops Forel, 1894; Ponera coarctata (Latreille, 1802);
Tetramorium semilaeve André, 1883; Aphaenogaster subterranea (Latreille, 1798);
Myrmica scabrinodis Nylander, 1846; Solenopsis fugax (Latreille, 1798)) are first
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records for Zagreb, which reflects the lack of myrmecological investigations, rather than
surprising  discoveries. One species, a rare workerless social parasite,
Tetramorium atratulum (Schenck, 1852), is a new record for Croatia as well. We
collected a single queen of this species, on one of the annual crop plots (potato field).
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Figure 3. Non-metric multidimensional scaling of ant community assemblages. The circles
represent the position of the individual plots in the ordination space, labeled with plot codes
(Table 1) and color-coded according to land use (blue- control, grey- perennial, yellow-
annual)

Figure 4. Images (head, frontal view) of sampled ant species. a Formica cunicularia (photo:
antweb.org, CASENT0173175); b Tetramorium caespitum (photo: antweb.org, Flavia Esteves,
CASENT0919632); c Lasius niger (source: antweb.org, photo by Erin Prado,
CASENTO0179897); d Solenopsis fugax (photo: antweb.org, CASENT0173147), e Myrmica
scabrinodis (photo: antweb.org, Wade Lee, CASENT0922795); f Aphaenogaster subterranea
(photo: antweb.org, Erin Prado, CASENT0179934); g Tetramorium semilaeve (photo:
antweb.org, Erin Prado, CASENT0008637); h Ponera coarctata (photo: antweb.org, Will
Ericson, CASENT0249225); i Lasius myops (photo: antweb.org, Shannon Hartman,
CASENTO0906073); j Tapinoma erraticum (photo: antweb.org, Shannon Hartman,
CASENT0249760); k Tetramorium atratulum (photo: antweb.org, CASENT0173077); |
Polyergus rufescens (photo: antweb.org, CASENT0010688)
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The most represented subfamilies were Myrmicinae (6 species) and Formicinae
(4 species), while Ponerinae and Dolichoderinae were both represented by a single
species. The species with the highest abundance was Lasius niger (Linnaeus, 1758)
(31% of total ants collected, 115 individuals), which was present on all three land use
types, and on 6 out of 9 plots. Three other species were present on all land use types and
had a high abundance: Solenopsis fugax (17% of total ants collected, 63 individuals),
Tetramorium  caespitum  (Linnaeus, 1758) (18%, 66 individuals), and
Formica cunicularia (18%, 67 individuals).

Discussion
Effect of agricultural intensity on the ant fauna

Results of our study show that agricultural practices associated with annual crops
significantly decrease ant abundance. In contrast, the perennial crops support ant
abundance slightly lower but similar to those in semi-natural habitats. Although no
significant difference was found in the ant richness and diversity between the different
land use types the plots with high agricultural intensity have the lowest ant richness and
diversity. The community composition showed no clear separation by land use type, and
most plots were dominated by the four common, generalist species. Our sample size
was relatively small, so some of the observed results are likely to change with a larger
data set. However, our results are concordant with previous findings that intensive
agriculture has a negative impact on arthropod abundance and diversity (Sanchez-Bayo
and Wyckhuys, 2019).

In particular, the decline of ants and other soil invertebrates has been associated with
conventional tillage (Radford et al., 1995; Wilson-Rummenie et al., 1999; Sharley et al.,
2008; Fernandes et al., 2018; Hevia et al., 2019), use of insecticides (Sanchez-Bayo and
Wyckhuys, 2019), lack of nesting habitats due to habitat simplification, and changes in
soil temperature and moisture (Kaspari et al., 2000; Armbrecht, 2004; Sanders et al.,
2007; Graham et al., 2009; van Oudenhove et al., 2011). How strongly these different
factors influence ant communities is not straightforward. For example, ant communities
in olive orchards in Spain are found to be most affected by tillage practices (Hevia et
al., 2019), while ant communities in French vineyards are strongly correlated with
pesticide use (Masoni et al., 2017). The combination of those factors (soil disturbance
by tillage, pesticide use, and habitat simplification) decreases the diversity and
abundance of ants, which in turn changes the ecological balance of soil fauna and
physical and chemical properties of soil.

Our study design does not allow us to test the influence of individual factors, such as
insecticide and fertilizer use, because they both varied across the two agricultural land
use systems. However, we hypothesize that the soil disturbance caused by tillage, which
was conducted on annual plots only, and which was the most substantial difference in
agricultural practice between annual and perennial plots, was the strongest individual
factor that influenced ant richness, abundance, and diversity. Conventional tillage
includes mechanical plowing, which causes physical disturbance of soil structure and
soil biota, and causes water loss and erosion (Faulkner, 1943; Stinner, 2002). In
contrast, conservation tillage practices do not include ploughing and retain a minimum
of 30% cover of crop residue on the soil surface. Consequently, conservation tillage
reduces soil erosion and water loss and supports diverse beneficial soil fauna (Blevins
and Frye, 1993; Radford et al., 1995; Wilson-Rummenie et al., 1999; Stinner, 2002; Li,
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2018). The other likely factor that influenced ant fauna in our study is severe habitat
homogenization in annual plots and consequently reduced resource availability. A
future study that would manipulate the individual treatments, e.g. tillage only, needs to
be conducted to determine the relative effects of these factors.

Research such as our study can provide scientific evidence for changes in future
policies. In particular, we hope conservation tillage will gain support in both research
and practice in Croatia in the near future. Knowing how land practices affect insect
communities is especially important in the context of the coming changes in Common
Agricultural Policy (CAP), one of the core EU policies. Historically, CAP was
production oriented and promoted agricultural intensification. Since reform in 2013, it
also addresses the environmental issues through the cross-compliance system, although
this was recognized as a weak attempt by the conservation sector (Pe’er et al., 2014).
Cross-compliance defines a set of rules for farmers in order to receive the subsidies, and
some of them require practices that reduce soil erosion or enhance plant and animal
biodiversity. In the future CAP reform, for the 2021-2027 period, currently under
negotiations, three out of nine objectives are the environment or climate change
oriented, and preserving carbon rich soils will be one of the new obligations (European
Commission, 2018). The CAP provides a framework for national rural development
policies in EU member states. In Croatia, cross-compliance legislation is in force since
2013 (Ministry of Agriculture, 2013), and the future CAP will certainly initiate its
changes. ldeally, the new legislation should regulate conventional tillage, or at least
publish the set of guidelines that emphasize the benefits of conservation tillage.

The ant fauna of agricultural habitats

The ant fauna of agricultural habitats in Zagreb is similar to ant fauna described in
previous studies of open, disturbed, urban, and agricultural habitats (Seifert, 2007;
Slipinski et al., 2012; Castracani et al., 2015; Masoni et al., 2017). It is composed of
opportunistic, thermophilic, and disturbance-tolerant species such as T. caespitum,
F. cunicularia, L. niger (Collingwood, 1979; Seifert, 2018). Most of the collected
species have generalist diets but are primarily predators and scavengers (e.g., S. fugax,
P. coarctata, T. caespitum). Predator diversity is a crucial natural mechanism for
prevention of pest outbreaks, and ants are known to decrease pest populations by direct
predation, chemically deterring pests, and by causing pests to drop from the plants (Way
and Khoo, 1992; Perfecto and Snelling, 1995; Schmitz et al., 2000). In contrast, some
ant species can be harmful by farming herbivorous insects (e.g., aphids and scale
insects), but considering the number of beneficial effects, the net impact is shown to
increase crop yield (Wielgoss et al., 2013).

All species collected in this study are primarily soil nesting, and their nest size varies
from around 30 (P. coarctata) to 10 000 workers (S. fugax). However, the majority of
collected species have colonies of several hundred to 2000 workers (Taylor, 1967;
Collingwood, 1979; Seifert and Schultz, 2009; Seifert, 2018). Soil nesting ant species
contribute to maintaining and restoring soil quality (Lobry De Bruyn, 1999; Dorn, 2014;
Sanabria et al., 2014). In particular, the impact of soil activities has been studied in two
of the collected species. Studies in the USA found that L. niger move 885 kg of soil per
hectare per year (Talbot, 1953; Lobry De Bruyn, 1999), F. cunicularia in China
increases soil organic matter, total and available nitrogen, phosphorous, and potassium,
electrical conductivity, and water content (Chen and Li, 2012).
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We sampled a rarely collected Polyergus rufescens on two plots: control plot (P2,
meadow at the forest edge) and the perennial crop plot (V2, apple orchard). This is the
only European species of genus Polyergus (Mori et al., 1991; Trager, 2013) and it is an
obligate parasite of ant genus Formica (Castracani et al., 2008; Mori et al., 2010).
Because of their specific life history ant species from genus Polyergus are of high
conservation value (Social Insects Specialist Group, 1996; Trager, 2013). This species
was last reported for Zagreb more than 70 years ago (Vogrin, 1955). Its host in the
studied habitats is most likely Formica cunicularia, a common host of this species in
Central Europe (Trager, 2013).

Another surprising find is obscure Tetramorium atratulum, inquiline social parasite,
for the first time found in Croatia. This is a West Palearctic species that takes permanent
residence in the nests of its host, mostly Tetramorium caespitum. Worker caste of
T. atratulum is entirely missing, which is considered the extreme form of social
parasitism in ants (Crawley, 1912; Buschinger, 2009; Seifert, 2018). Because of its
complex life cycle, restricted gene flow, and low population size, this species is listed as
Vulnerable (VU) on IUCN Red List (Social Insects Specialist Group, 1996). In our
study area, the most likely host of this species is Tetramorium caespitum, one of the
four most abundant ants in our study, and the most abundant species on the plot where
T. atratulum queen was collected.

Conclusion and recommendation for future study

Our study has two main outcomes. First, it shows that ants have the potential for use
as tools in agricultural management in Croatia, thanks to their abundance and sensitivity
to land use. Second, it shows the importance of future studies in agricultural habitats, as
they hold some of the vulnerable species important for insect conservation. Future
research of ants of agricultural land in Croatia should identify the particular ecological
and physiological factors that support a diverse and abundant ant community. This was
previously investigated in other countries (Armbrecht, 2004; Frizzo and Vasconcelos,
2013), but needs to be tested in regionally specific environmental conditions. For
example, future studies should compare the ant communities of different levels of
tillage (no-tillage, reduced, standard and deep), in different regions of Croatia. Knowing
which agricultural practices are detrimental or beneficial to ants can inform sustainable
management planning and increase crop yields (Evans et al., 2011; Wielgoss et al.,
2013; Gras et al., 2016; Shukla et al., 2016). Another important direction for future
research is identifying the ant species that can be bioindicators of soil quality and of
High Nature Value (HNV) farming, like those already successfully developed for other
regions (Perfecto and Snelling, 1995; Philpott and Ambrecht, 2006; Sanabria et al.,
2014). This would require a comparative study of ants and physical and biochemical
soil properties, across land use gradient. Ants are thermophilic, and successful in dry
climates, unlike some other taxa important for soil quality (e.g., earthworms).
Considering the effects of climate change, which among other hazards predict increased
drought and higher temperatures (Myles et al., 2018), the development of ants as a tool
for sustainable farming is urgently needed in Croatia.
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