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Summary

European, temperate terrestrial ecosystems are shaped and managed by humans since millennia.
While grasslands were consistently managed at low intensities over centuries, forest
management changed multiple times over time and each change had an immense impact on the
structure of forest ecosystems. Since the last decades, the management in both biomes is
changing, but in opposite directions. Today, highly diverse grasslands are threatened by land-
use intensification, while reciprocally, forests are transformed from intensively used even-aged
monocultures to uneven-aged multi-species stands in order to promote biodiversity. How
species communities are affected by management and how they respond to changes, are key
questions in ecology. But especially for some keystone taxa such as ants which are known to
be responsive to management, they are still not sufficiently understood. In grasslands for
example, the underlying mechanisms leading to a decrease in species richness as well as
changes in functional community composition remain elusive.

In forests, management has been shown to have an overall negative effect on ant communities
in tropical, and a positive effect in boreal forests. However, in temperate forests, it is unclear
what components of forest management affect ant communities and how.

In my first manuscript, I studied the direct and indirect effects of land-use intensification on ant
communities in temperate grasslands which were sampled on 110 grassland plots in three
regions in Germany. The sampled grasslands are used as meadows or pastures, being mown,
grazed or fertilized at different intensities. I found that ant species richness, functional trait
space of communities and abundance of nests decreased with increasing land-use intensity. The
land-use practice most harmful to ants was mowing, followed by heavy grazing by cattle.
Fertilization did not strongly affect ant species richness. Grazing by sheep increased ant species
richness. The effect of mowing differed between species and most rare species occurred mainly
in plots managed at low intensity. The results show that mowing less frequently or later in the
season would retain a higher ant species richness — similarly to most other grassland taxa. The
transformation from pastures to intensively managed meadows and especially mowing directly
affects ants via the destruction of nests and indirectly via loss of grassland heterogeneity
(reduced plant species richness) and increased soil moisture by shading of fast-growing plant
species.

In my second manuscript, I explored the direct and indirect effects of forest management on the
taxonomic and functional diversity of ant communities in 150 temperate forest stands in three

regions in Germany. I analyzed the effects of 18 variables, including variables of forest
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management, forest structure, arthropod diversity, and biomass, as well as abiotic factors, on
ant species richness, abundance, and functional trait diversity. Main direct effects of forest
management on ant abundance and species richness were caused by tree species selection,
measured as dominant tree species. The main positive indirect effect was mediated by a reduced
canopy cover with an increasing proportion of oak and pine, which results in a higher
temperature amplitude. Functional diversity, based on life-history traits, was affected positively
by tree harvesting and negatively by structural complexity. This study shows that forest
management practices in temperate forests strongly impact the ant community structure. This
can be beneficial for ants if management reduces the canopy cover, either by tree harvesting or
by changing the tree species composition towards shade-intolerant tree species. To promote ant
diversity as key taxon for maintaining ecosystem processes in forest ecosystems, I suggest
integrating forest stands with more open and warmer conditions in future management
strategies.

In my first two manuscripts, I could show that ant communities respond to changes in habitat
structures and that species with certain (morphological and life-history) traits are more sensitive
towards management intensification than others. Thus, the question arises whether traits can be
used to predict how a species is affected by changes in habitat structures. Or in a broader view
and based on other studies: how reliable are morphological traits as functional traits?

I try to answer this question in my third manuscript where I investigated the running speed of
differently sized ants (body size and leg length) along a surface rugosity gradient which
represents different habitat structures. In general, it is thought that leg length is a good predictor
for running speed and by theory, similarly sized species should respond similarly towards
changes. But the opposite was the case and leg length was not a good predictor for running
speed. In addition, similar-sized species responded idiosyncratically to high surface rugosity,
which might be related to species-specific habitat preferences. This hampers precise predictions
on how species might respond to changing habitats, based on morphological traits exclusively.
Based on the findings of all three manuscripts, it is possible to make predictions of how future

management will change species communities, but species-specific forecasts remain difficult.



Zusammenfassung

Die terrestrischen Okosysteme werden in FEuropa seit Jahrtausenden vom Menschen
bewirtschaftet und geformt. Wahrend Wiesen und Weiden iiber Jahrhunderte durchgéingig mit
geringer Intensitdt bewirtschaftet wurden, verdnderte sich die Forstwirtschaft mehrfach mit der
Zeit und jede Verinderung hatte immensen Einfluss auf die Struktur und Okosysteme der
Wiilder. In den letzten Jahrzehnten verinderte sich die Bewirtschaftung in beiden Biomen,
allerdings in unterschiedliche Richtungen. Grasflichen, die eine enorme Diversitit aufweisen,
werden nun durch eine intensivierende Bewirtschaftung bedroht. Gleichzeitig werden Wilder
von intensiv genutzten Monokulturen zu naturnéheren, baumartenreicheren Wildern verindert,
um die Biodiversitét in ithnen zu schiitzen und zu erhohen.

Wie Artgemeinschaften von Wald- und Landbewirtschaftung beeinflusst werden und wie sie
auf daraus resultierende Verdnderungen reagieren ist eine noch immer nicht ausreichend
verstandene Grundfrage in der Okologie. Dies gilt besonders fiir Schliisselgruppen, wie etwa
Ameisen von denen bekannt ist, dass sie auf Landnutzung reagieren. Welche genauen
Mechanismen zu einer Reduzierung vom Artenreichtum oder zu Verdnderungen in
Artgemeinschaften fiihren, ist jedoch nicht ausreichend erforscht. Im Wald ist der Effekt von
Forstwirtschaft auf Ameisen variabel und ist in den Tropen eher negativ und in der borealen
Zone eher positiv. Welchen Effekt Forstwirtschaft in der geméBigten Zone hat, ist bisher nicht
bekannt.

In meinem ersten Manuskript erforsche ich die direkten und indirekten Effekte von
intensivierter Landnutzung auf Ameisengemeinschaften in den gemifBigten Breiten, die auf 110
Grasfldchen in drei Regionen in Deutschland gesammelt wurden. Diese Grasflachen werden als
Wiesen und Weiden bewirtschaftet und verschieden intensiv gemiht, gediingt und beweidet.
Ich fand heraus, dass der Artenreichtum, die Variabilitit der funktionellen Merkmale einer
Gemeinschaft, sowie die Anzahl der Nester sich mit intensiverer Landnutzung verringert.
Hiufiges Mihen hatte die stirksten, negativen Einfliisse, gefolgt von Uberweidung durch
Rinder. Diingung hatte keinen direkten Einfluss auf Ameisen. Beweidung durch Schafe erhohte
hingegen den Artenreichtum. Der Effekt vom haufigen Mihen variierte zwischen den
Ameisenarten und besonders die seltenen Arten wurden zumeist nur auf wenig bewirtschafteten
Flichen gefunden. Die Ergebnisse zeigen, dass Ameisen, &hnlich wie andere
Organismengruppen im Grasland, von einer weniger hdufigen oder eine zeitlich spéitere Mahd
stark profitieren wiirden. Die Umwandlung von Weiden in intensiv genutzte Fettwiesen sowie

das Mihen hat direkte, negative Effekte durch die Zerstorung der Nester und indirekte Effekte
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durch den Verlust von Heterogenitét (durch reduzierte Pflanzen-Diversitit) und einer hoheren
Bodenfeuchtigkeit durch schnellwachsende Grasarten.

In meinem zweiten Manuskript erforsche ich die direkten und indirekten Effekte von
Forstwirtschaft auf den Artenreichtum und die funktionelle Diversitit auf Ameisen in 150
Waldflichen, wieder aus drei Regionen in Deutschland. Ich analysiere den Effekt von 18
Variablen, unter anderem Forstwirtschaft, Waldstruktur, Diversitit und Biomasse von
Arthropoden, sowie auch abiotische Faktoren, auf die Ameisen-Diversitidt (Artenreichtum,
Abundanz und funktionelle Diversitiit).

Die stdrksten direkten Effekte von Forstwirtschaft auf die Anzahl an Ameisenarten und
Individuen hat die Auswahl der Baumart, die im Wald vorherrscht. Dabei hatte den groften,
positiven indirekten Effekt hat eine geringe Baumkronenabdeckung, etwa durch einen hohen
Anteil an Eichen und Kiefern, die eine tagsiiber erhohte Temperatur im Wald ermoglichen. Das
Ausdiinnen des Waldes, sowie eine weniger komplexe Waldstruktur fiihrte zu einer Erhohung
der funktionellen ,life-history“-Diversitit. Diese Studie zeigt, dass Forstwirtschaft einen
starken Einfluss auf die Struktur von Ameisengemeinschaften hat. Dieser Einfluss kann sich
positiv auf Ameisen auswirken, wenn er zu einem lichteren Wald fiihrt, etwa durch das
Herausnehmen von einzelnen Biaumen oder dem Anpflanzen von Lichtbaumarten. Um die
Diversitit von Ameisen und ihren Einfluss auf das Okosystem Wald zu férdern, empfehle ich
die Managementstrategien, die zu einem lichteren und wiarmeren Wald fiihren.

In meinen ersten beiden Manuskripten konnte ich zeigen, dass Ameisengemeinschaften auf
Anderungen in der Habitatstruktur reagieren und das Arten mit bestimmten (morphologischen
sowie life-history) Merkmalen sensibler fiir Verdnderungen sind als andere. Daraus resultierte
die Frage ob man bestimmte Merkmalsauspriagungen dazu nutzen kann um die Reaktion einer
Art auf Veridnderungen in der Habitatstruktur abzuschitzen. Oder grober gesagt: Kann man
einem morphologischen Merkmal eine klare Funktion zuordnen?

Diese Frage versuche ich in meinem dritten Manuskript zu beantworten. In diesem vergleiche
ich die Laufgeschwindigkeit verschieden groler Ameisenarten (Korpergrofle und Beinlénge)
auf unterschiedlich strukturierten Oberfldchen, die verschieden komplexe Habitate darstellen
sollen. Die Beinldnge eines Tieres ist generell als guter Pradikator fiir die Laufgeschwindigkeit
angesehen und theoretisch sollten gleich grole Arten auch idhnliche Reaktionen auf
Verdnderungen zeigen. Allerdings war das Gegenteil der Fall und die Beinldnge erwies sich als
kein guter Pradiktor fiir Laufgeschwindigkeit. Zudem reagierten gleichgrole Arten sehr
unterschiedlich auf zunehmende Oberflachenstruktur, die auf artspezifische Unterschiede in

den bevorzugten Habitaten zuriickzufiihren ist. Diese Erkenntnis zeigt, dass es schwierig ist
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genaue Erwartungen zu formulieren wie ein Tier auf Habitatverdnderung reagiert, wenn man
nur dessen Morphologie betrachtet. Basierend auf den Erkenntnissen aller drei Manuskripte ist
es moglich abzuschitzen wie zukiinftige Bewirtschaftung Ameisengemeinschaften

beeinflussen wird, jedoch sind artgenaue Vorhersagen nur schwer moglich.



Introduction

Grassland management in temperate Europe

European terrestrial ecosystems are shaped and managed by humans since millennia. Naturally,
about 95% of the temperate forest zone of Central Europe would be covered by forest,
dominated by deciduous trees, and only interrupted by marshes, bogs or rocky areas (Ellenberg
1996, Riither and Walentowski 2008). But today, undisturbed regions with primeval forests are
rare and very limited in size and the rest is covered with grassland, farmland, urban or rural
areas.
Based on pollen studies, mankind started changing forest structures and progressively cutting
down the closed forests to transform land into fields and meadows approximately 5000 years
ago (Kiister 1996, Riither and Walentowski 2008). The created temperate grasslands were
mostly managed by grazing of domestic livestock and haymaking (Poschlod and WallisDeVries
2002, Habel et al. 2013). The need for grazers to sustain temperate grasslands is the reason why
this ecosystem is often named “semi-natural” (Hejcman et al. 2013).
Independently of their origin, temperate grasslands were managed at low intensities for
millennia and accumulated a huge amount of biodiversity. Especially vascular plant species
richness can be extremely high at small spatial scales with up to 76 species within on one square
meter (Sammul et al. 2003) or 98 species on 10 square meters (Dengler et al. 2012). This
exceeds plant diversity in any other ecosystem (at least at this small spatial scale) (Wilson et al.
2012). Along with plant diversity, temperate grasslands harbor a very high arthropod diversity,
which relies on the vegetation as habitat and nutritional base of arthropod food webs (Murdoch
et al. 1972, Tilman 1986). The grasslands were managed extensively for centuries as mostly
unfertilized meadows with one or two cuts per year for haymaking, or as pastures for a low
number of livestock like cattle or sheep. This extensive management is thought to be one of the
main factors causing high plant species richness (Pértel et al. 2005, Hejcman et al. 2013, Chytry
et al. 2015) and is needed for continuity of semi-natural grasslands to prevent scrub and tree
encroachment and associated diversity declines (Ratajczak et al. 2012). Since terrestrial
ecosystems are managed by mankind all over Europe and large parts of the temperate zone, it
can be assumed that most of today's species communities are shaped or at least strongly
influenced by human intervention. Overall, arthropod species are known to respond to
environmental changes and react sensitively to changes in the management intensity or
management type (Haddad et al. 2000, Morris 2000, Joern and Laws 2013).
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The effect of grassland management and its intensification on biodiversity

With the beginning of the 20" century, semi-natural grasslands across Europe were exposed to
habitat destruction and fragmentation. This is due to the abandonment of traditional
management practices (Hallanaro et al. 2002) and management intensification by additional
fertilization or liming, increased number of cuts per year and higher stocking rates (Isselstein
et al. 2005). With the improvement of the agronomic potential of grasslands, biodiversity
decreased. Today, land-use change (the alteration from one land-use type to another), and land-
use intensification (within one land-use type) have been identified as one of the most important
drivers of global species loss (Sala 2000, Maxwell et al. 2016).

Beside the land-use intensification, the loss of semi-natural grasslands is immense. In Sweden
for example, semi-natural grasslands used as pastures have been reduced by almost 90% over
the past 80 years (Bernes 1994) and similar patterns can be found across Europe (Luoto et al.
2009). The risk is very clear and Habel et al. (2013) names European grasslands a “threatened
hotspot of biodiversity”.

Overall, multiple studies found a significant and on-going loss of general insect species richness
across Europe (Thomas et al. 2004, Conrad et al. 2006, Shortall et al. 2009, Habel et al. 2016).
The threat reached even public attention with the study of Hallmann et al. (2017) who showed
a biomass reduction of 75% in flying insects over 30 years in various sites in Germany. Habel
et al. (2019) reviewed these studies and stated: “Agricultural intensification is the main driver
of recent terrestrial insect decline, through habitat loss, reduced functional connectivity, overly
intense management, nitrogen influx, and use of other fertilizers, as well as application of

harmful pesticides”.



Figure 1. a) Meadow managed at high intensities, dominated by fast-growing plant species and
a very low number of flowering plant species; b) Freshly mown high-intensity managed
meadow without any remaining flowers; ¢) Example of overgrazing by a single horse, which

result in similarly structured grassland as high mowing intensities.



In grassland ecosystems, increasing land use has been shown to reduce species richness and
abundance of plants (Haddad et al. 2000, Harpole and Tilman 2007, Kleijn et al. 2009, Socher
et al. 2012), as well as different arthropod groups (Hendrickx et al. 2007, Attwood et al. 2008,
Simons et al. 2014, Allan et al. 2014, Chisté et al. 2016) and overall functional diversity of
communities (Flynn et al. 2009, Birkhofer et al. 2015b, Bliithgen et al. 2016). However,
generalizations are hard to make since, for example Simons et al. (2017) found no effects on
taxonomic richness across groups with increasing land-use intensification. Likewise, Birkhofer
et al. (2017) found no generally reduced trait diversity. However, both studies found that
different taxa varied in their response to increased land use or different management practices.
Importantly, the effects of each land-use component can differ in strength or direction (Socher
etal. 2012, Simons et al. 2014, Gossner et al. 2016). Like already stated, the three management
practices used in agricultural grasslands are mowing, fertilization and grazing (mostly by cattle
and sheep), or a combination of them (Fischer et al. 2010).

The effects of grassland management can be direct, as a result of active management, or indirect
as the response of species to the actual management. Direct effects are for example the killing
of individuals by machines during mowing events (Thorbek and Bilde 2004, Humbert et al.
2010), which has direct negative effects on arthropod communities (Nickel and Hildebrandt
2003, Marini et al. 2007, Socher et al. 2012, Simons et al. 2017) or the plant removal, trampling
and soil compression by grazers (Helden et al. 2010, van Klink et al. 2015).

The indirect effects of grassland management change grasslands in a more extensive manner:
Fertilization and mowing are often highly correlated (Bliithgen et al. 2012) and high intensities
of both support fast-growing, dominant grass species (Socher et al. 2012). These grass species
outcompete other plants resulting in a decrease of plant diversity (Harpole and Tilman 2007)
and the accompanying decrease of herbivorous and predatory arthropod diversity (Simons et
al. 2014). Mowing has been demonstrated to have the strongest negative effects on multiple
biotas (Gossner et al. 2016). In extremes, frequent mowing creates lawn-like grasslands with
very reduced plant species richness and low number of flowers (Figure 1a, b) which harbour a
low arthropod species richness, dominated by opportunists and disturbance-tolerant species (Di
Giulio et al. 2001, Gossner et al. 2014, Simons et al. 2015).

Compared to mowing, grazers as selective feeders affect plants and the whole biotic
environment in a much patchier manner and simplify or thin out vegetation and litter (Helden
et al. 2010). Therewith, grazing can increase plant diversity if, for example dominant, fast-
growing species are reduced by the grazers, which create gaps for less dominant species

(Stewart and Pullin 2008). These effects can vary between the different types of livestock which
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differ in their feeding type and food preferences (Ockinger et al. 2006, Sjodin et al. 2008, Socher
et al. 2013). At very high grazing intensities can have similar negative effects on species
richness to mowing (Figure 1c¢).

Fertilization has negative effects on plant diversity since the mainly dominant, fast-growing
plant species benefit of the increased nitrogen and other nutrients availability and outcompete

less dominant plant species (Socher et al. 2013, Simons et al. 2014, Gossner et al. 2016)

Forest management in temperate Europe

While 13% of the forests on the west coast of the United States and 40-52% of Canada are still
natural (Parviainen et al. n.d., Heywood and Watson 1995), today, forests in Central Europe
have been modified completely by mankind. Over centuries, the naturally broadleaved forests,
which covered up to 95% of Central Europe, were managed with different strategies and for
different purposes and their structures changed considerably over time (Riither and
Walentowski 2008, Leuschner and Ellenberg 2017). Today, only about 0.2% of the deciduous
forests are in a relatively natural state (Hannah et al. 1995).

In temperate Europe, forest management started about 5000 years ago with coppicing, a strategy
where trees are cut down to a stump but regrow with multiple stems (Riither and Walentowski
2008). Large parts of European forests were managed this way for centuries which changed
forest structures but maintained and supported mainly broad-leaved tree species. During the
Middle Ages, coppicing with standards was established. Here, certain trees or tree species, oaks
(Quercus) in particular, were excluded from coppicing and could grow old while other tree
species were cut down. This management strategy was common in regions with dense
settlement and livestock-keeping, as oaks provide e.g. food for pigs, and forests were thinned
out over wide areas. At the same time, reforestation of deserted places started for which pioneer
species with few demands like pine (Pinus) and spruce (Picea) trees were commonly chosen
(Riither and Walentowski 2008, Leuschner and Ellenberg 2017). Across Central Europe, in the
Middle Ages, forests were used for multiple purposes, such as coppicing for firewood and
tanning bark, together with the protection of old trees, which created a heterogeneous forest
landscape.

In the 18" century, coppicing started to decline and the low-forest system (coppice forests) of
the Middle Ages were replaced by a high-forest system which consists usually of large, mature
trees with a closed canopy. Probably due to a lack of timber, forestry changed to economically

more profitable management (Schelhaas et al. 2003, Rackham 2008), the age-class forests. This
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forest type consists of evenly aged, homogeneous, dense, single-species stands. The main tree
species are conifers like Pinus sylvestris, Picea abies and the introduced Douglas fir
Pseudotsuga menziesii, which can be harvested in shorter rotation cycles than most broad-
leaved trees.

The gradual change from broad-leaved to conifer-dominated forests which stared in the Middle
Ages was driven by the age-class forestry and in the 20™ century, where large parts of Central
European forests consist of coniferous monocultures. In 2012, European spruce (Picea abies)
was the most common tree species in Germany with a percentage of 25.4% in all German
forests, followed by Scots pine (Pinus sylvestris) with 22.3%, beech (Fagus sylvatica) with
15.4%, and 10.4% oaks (Quercus robur or Q. patrea) (Bundeswaldinventur 3).

These plantation-like even-aged forests are designed and managed to maximize productivity
and forest attributes such as old trees, deadwood or gaps in the canopy are widely lacking. Due
to the lack of small-scale disturbances, not enough light can reach the ground to enable the
growth of understory, especially in spruce forests (Figure 2a). When the even-aged, commercial
forests reach a certain rotation age, they are logged by clear-cutting which create large scale
openings. This management system was established in large parts across Europe, but it turned
out that even-aged forests in clear-cut systems are vulnerable to soil degradation, an infestation
of pest insect or natural disturbances such as wind throw. As a result, foresters partly started to
change management towards selective logging systems which maintained a permanent forest
cover by removing only single trees in forest stands or by shelterwood cutting. Here, cohorts of
even-aged trees are replaced by younger evenly aged cohort through repeated cuttings over
decades (Schall et al. 2018). However, as these systems are based on monocultures, they do not
differ fundamentally from even-aged clear-cut systems (Jacobson 2001).

Since the 1950s, alternative silvicultural strategies to the even-aged forest were developed,
particularly in economically developed countries (Brukas and Weber 2009, Puettmann et al.
2015). The reasons for this change are manifold such as the public focus on environmental
protection growing stronger, or the better understanding on the impact of forest management
on biodiversity (Manolis et al. 2008, Bauhus and Schmerbeck 2010). In addition, alternative
sources of income from landowners played an important role (Puettmann et al. 2015). In
Germany, the decline of forests came to public perception when pest insects and windthrow
damaged large forest areas in the 1980s. As a result, the close to nature forestry, which started
in the 1950s (Jacobson 2001), increased in popularity and their guideline is integrated into the
forest programs across Europe today (Pro Silva 2012). This management approach is

characterized by uneven-aged forest stands with multiple tree species which differ in tree age
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and size. The applied methods try to sustain a continuous forest cover, avoidance of clear-cuts
and using harvesting methods which do not harm the soil or stands (Pro Silva 2012). Forest
regeneration and the transformation of even-aged monocultures to uneven-aged multi-species
stands was promoted by planting seedlings or young trees under the canopy of the mature trees.
This type of management resulted in an increased vertical heterogeneity and more complex
stand structures with old-growth attributes such as deadwood or large veteran trees (Bauhus et
al. 2009, Puettmann et al. 2015, Messier et al. 2015, Ehbrecht et al. 2017). Today, about 80%
of oak and beech forests in Germany show two or more vertical layers and large parts of mature
pine stands consist of regeneration layers of beech and oak trees (Bundeswaldinventur 3, Figure

2b).

Figure 2. a) Even-aged spruce forests stand with low light availability and plant growth on the

ground; b) Adult pine trees with regeneration layers of beech.
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The effect of forest management on biodiversity

Although it is generally thought to be beneficial for biodiversity, little evidence for positive
effects of uneven-aged forests compared to managed, even-aged forests was found. At smaller
scales, unmanaged forests, in general, are said to contain more species than managed forests
(DKkland et al. 2003). In a review, Paillet et al. (2010) found a marginally negative effect of
forest management on total species richness over multiple taxa, with more species in
unmanaged forests. However, for plants, age-class managed forests harbor more species than
unmanaged forests (Boch et al. 2013). Allegro and Sciaky (2003) and Fuller et al. (2008) found
a shift in species communities from forest specialists to habitat generalists, but no negative
effects of forest management on ground beetles richness when comparing poplar stands and
natural woods in Italy, or comparing coniferous and broadleaved forests in the UK.

But overall, the effects of forest management on biodiversity are still under debate (Siitonen
2001) and different arthropod groups respond differently to forest management (Maleque et al.
2009). Low intensity, selective logging has little effects on ground-dwelling arthropods, but
negative effects arise with increased management intensities (Oliver et al. 2000). Besides, the
effects of tree harvesting can have time-delayed effects and e.g. ground-beetle species start
disappearing two years after logging (Pohl et al. 2007).

Clear-cutting is known to be a very destructive management strategy since whole forest patches
are removed (Punttila et al. 1991, Niemela 1997). It results in habitat loss of i.e. arboreal species
(MacKay et al., 1991) and ground-dwelling species (Kaila et al. 1997, Andersson et al. 2012)
due to drastically changed habitat conditions. Other management strategies which are less
extensive, like selective logging or retention logging, are better for biodiversity conservation
(Fedrowitz et al. 2014).

The main effects of forest management are via the change of forest structures and thus, different
habitat heterogeneities and stand structural complexities. Analyzing this, various studies found
a positive relationship between structural complexities and biodiversity (Tews et al. 2004,
Hiroaki T. Ishii et al. 2004, Jikel and Roth 2004). Forest structures shape biodiversity and even
small-scale variations like leave sizes (Neuvonen and Niemeld 1981) lead to different shaped
species communities. Halaj et al. (2000) manipulated the habitat complexity of Douglas-fir
stands by removing needles and thinning branch axes and found an increased spider species
richness and differently shaped communities in more complex habitats. In addition, these

manipulations affected ground-dwelling, but not airborne arthropods (Halaj et al. 2000). Thus,
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different groups or taxa react differently to changes in forest structures, and the response of a
single group can even vary between the different forest strata (Leidinger et al. 2019).
Currently, forests are managed to maintain a continuous canopy cover which includes, that trees
are harvested before their half-life to reduce the risk of tree loss due to natural disturbances or
fungal infestation (Knoke 2003). Overall, these production forests are low in structural diversity
and thus, exhibit a lack of important resources for many species such as old trees, early
successional stages and, especially deadwood, whose development is suppressed and which is
regularly removed (Bauhus et al. 2009, Moning and Miiller 2009, Meyer and Schmidt 2011,
Larrieu et al. 2018).

Deadwood is a crucial component of forest ecosystems. Many forest arthropod species depend
on deadwood (Lonsdale et al. 2008, Rondeux and Sanchez 2010), such as 56% of all forest
Coleoptera in Germany (Kohler 2000). Thus, deadwood volume is widely used as an indicator
of forest biodiversity (Lassauce et al. 2011) and an indicator for sustainable forest management
(MCPFE 2003). Besides saproxylic arthropods (species which are directly or indirectly
dependent on deadwood) also other organisms benefit of deadwood addition such as non-
saproxylic epigeal arthropods (Seibold et al. 2016a), and small mammals (Fauteux et al. 2012).
Besides the amounts of deadwood, also the diameter of dead trees is relevant and shapes species
communities (Gossner et al. 2013).

Several studies have found, that biodiversity of saproxylic arthropods is higher in forests with
less dense canopies where more light reaches the ground (Miiller et al. 2010, 2015, Lachat et
al. 2012, Horak et al. 2014, Seibold et al. 2016a). Seibold et al. (2016b) compared species
communities on different amounts of deadwood between sunny and shady forest plots and
concluded that habitat heterogeneity and canopy openness seem to be the major drivers of
saproxylic beetle diversity in temperate forests. The light intensity in a forest stand has also
been shown to be an important factor structuring Heteroptera communities (Gossner 2009),
ground beetles (Humphrey et al. 1999) and to support plant diversity (Boch et al. 2013, Gao et
al. 2014). This plant diversity enhances the vegetational structural complexity, which shapes
vertebrate (Demarais et al. 2017) and invertebrate diversity (Jikel and Roth 2004).

As mentioned above, current management strategies comprise the admixture of broad-leafed
tree species in coniferous forest stands. But this strategy must be considered with caution. On
the one hand, mixed tree stands harbor more species than pure coniferous stands (Jdkel and
Roth 2004).0n the other hand, thermophilic organisms like arthropods can face a decline as this
succession results in higher canopy densities and thus less light availability (Horak et al. 2014).

Recently, Schall et al. (2018) also showed that the current management strategies which result
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in multi-layered forests harbor less diverse communities than several single-species age-class
forests and concludes that the heterogeneity between forest stands is more important than

heterogeneity within a forest stand (Schall et al. 2018).

The importance of functional (trait) diversity in biodiversity research

Multiple recent studies found a dramatic human-induced decline in arthropod biomass and
arthropod diversity (Dirzo et al. 2014, Hallmann et al. 2017, Leather 2018). But what are the
effects on an ecosystem if certain species get lost?

Species richness was the dominant measurement for biodiversity for centuries (Gaston 2000),
but species do not equally contribute to all processes in an ecosystem (ecosystem functioning)
(Diaz and Cabido 2001) which is why biodiversity research must go beyond the concept of
species richness.

“Species are different, but they are not equally different” (Lefcheck et al. 2015). Thus, even
within a species group, some species can vary significantly in morphology of life-history, while
others show only minor differences. A common way to assess the dissimilarity between species
is by collecting information or measuring their functional traits. These characteristics are
relevant to define how species interact with the environment and with other species (Diaz and
Cabido 2001) or after the definition of Tilman (2001) “those components of biodiversity that
influence how an ecosystem operates or functions”. The variation of functional traits across
organisms defines the functional diversity of a species community or a whole ecosystem. Thus,
the more different species are in a community, the higher is its functional diversity. But
functional diversity is not necessarily highly correlated with species richness, since
communities can consist largely of generalists (low diversity) or can consist of species of which
each is specialized in a different niche (high diversity). Hence, communities even with a
relatively low number of species, can have a very high functional diversity (Andersen 2008,
Stuart-Smith et al. 2013). In such functionally diverse but species-poor communities, the loss
of a species with certain functional traits has more severe effects than in communities where
multiple species have similar functional traits (strong niche overlap) or fulfill similar ecosystem
functions. Those species-rich communities often have a high functional redundancy which
buffers the loss of a species within a functional group without a loss of ecosystem functions.
In recent years, many comprehensive studies analyzed the effect of land-use intensification on
species communities. Gossner et al. (2016) studied more than 4000 species belonging to 12

trophic groups and found that species communities are getting more similar with increasing
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land use. Thus, rare species with certain traits get lost and opportunists and generalists remain.
These findings go in line with the study of Soliveres et al. (2016) who stated that locally rare
species contribute significantly to grassland multifunctionality, and thus the preservation of
multiple ecosystem functions and services (Hector and Bagchi 2007, Isbell et al. 2011). Gamez-
Virués et al. (2015) found that grassland management filters species traits if it leads to a change
in landscape heterogeneity. Especially feeding specialists require higher degrees of
heterogeneity or different land cover types than generalists. As a result, they suggest that a
grasslands can be managed also at higher intensities, if less managed grasslands are near
(Gamez-Virués et al. 2015). Overall, across taxa, land-use intensification leads to a loss of rare
(Simons et al. 2015) or specialized species (Winfree et al. 2011), but the effects can differ
between taxonomic groups (Simons et al. 2017).

To increase the understanding how land-use intensification or changes in management affect
species, more studies are needed which analyze changes in trait variation and community
composition between different land-use types or management intensities. Birkhofer et al.
(2015a) for example found that spiders are sensitive to grassland-management intensity. They
showed that at high mowing intensities, rare species and at high grazing intensities, large
species get lost. In addition, frequent cutting changes ground beetle communities as it led to a
higher abundance of predaceous and omnivorous but a lower abundance of herbivorous species
(Birkhofer et al. 2015a). Mangels et al. (2017) found that land-use intensification significantly
reduced abundance and species richness as well as diversity of moths, an important pollinator
and herbivore group in grasslands. With high mowing and fertilization intensities, rare species
were replaced by highly reproductive habitat generalists. They conclude that the loss of plant
trait diversity leads to a loss of herbivore diversity (Mangels et al. 2017), a finding which is
supported by Gossner et al. (2014).

Thus, species communities change under management intensification. Thereby, specialists can
be replaced by generalists, which results in a loss of (functional) diversity, although species
richness does not decrease. Hence, to understand how management affects species
communities, it is necessary to go beyond the species richness approach and to include the
functional trait diversity of a community. But the use of traits requires a certain knowledge of
the species, time and effort. Therefore, the best choice is to use a taxon, which species are well
known, which plays a key role in its habitat and is known to be sensitive to management

intensification, such as ants (Formicidae).

16



Ants — ecosystem engineers and a key taxon in terrestrial ecosystems

Ants (Hymenoptera, Formicidae) encompass the dominant fraction of animal biomass (Wilson
and Holldobler 2005). They are one of the most abundant arthropod groups in terrestrial
ecosystems and can, therefore, be regarded as a keystone taxon. They occur on every continent
except Antarctica and currently, about 15000 species are described (Bolton et al. 2007). Overall,
ant species richness declines with increasing latitudes and altitudes and is highest in tropical
regions with more than 4100 species in the Neotropical region, 2900 species in the Indo-
Australian Region or 2800 species in the Afrotropical Region. In the temperate region, ant
species richness is lower, with fewer than 500 species in the USA or Europe (Folgarait 1998).

Ants are one of the most influential organisms in terrestrial ecosystems for many reasons. As
ecosystem engineers, ants fulfill numerous ecosystem functions, which are mostly related to
food consumption (Bliithgen and Feldhaar 2010). Ants are generalized scavengers (Holldobler
and Wilson 1990) and among the leading arthropod predators in most ecosystems (Way and
Khoo 1992, Floren et al. 2002, Dejean et al. 2007). They affect the abundance and species
composition of other organisms and can even shape the overall arthropod biodiversity of
habitats by interference or intraguild predation (Laakso and Setédld 2000, Hawes et al. 2002).
Simultaneously, they are prey for invertebrates (Gotelli 1996, Gastreich 1999) and vertebrates
(Reiss 2001). Ants alter plant communities (and therewith the whole ecosystem) as they provide
seed dispersal (Howe and Smallwood 1982, Boulay et al. 2007, Lengyel et al. 2009), and seed
consumption (Dauber et al. 2006b, Parr and Gibb 2010, Bliithgen and Feldhaar 2010). They
protect plants from herbivores (Heil and McKey 2003, Styrsky and Eubanks 2007, Rosumek et
al. 2009) but also live in trophobiosis with herbivorous insects which they protect against
predators and parasitoids (Buckley 1987, Styrsky and Eubanks 2007).

Most ground-dwelling ant species are ‘“soil engineers” which affect the soil structure, mix and
aerate soils through their tunneling (Folgarait 1998, Frouz and Jilkova 2008, Ehrle et al. 2017).
Ants modify the microbial community in the soil and add nutrients by importing resources into
their nests (Folgarait 1998, Dauber and Wolters 2005, Frouz and Jilkova 2008, Boots et al.
2012). Therewith, they directly or indirectly affect the availability of resources to other species
(Folgarait 1998). These improvements of soil conditions even support greater plant diversity
(Del Toro et al. 2012, Nemec 2014) and arbuscular mycorrhizal fungi (Dauber et al. 2008) and
have the potential to even alter grassland productivity (Dean et al. 1997). Especially ant nest-
mounts have improved drainage, less plant cover and changed alkalinity (King 1977).

Therewith, nest mounts can be small islands for some plant species, which would otherwise be
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outcompeted by fast-growing plant species (Dean et al. 1997). Besides plants, ant-mounts are
habitats for other taxa like threatened Maculinea butterfly (Thomas et al. 2009) or a variety of

microorganisms (Boulton and Amberman 2006).

Ants response to disturbance and management strategies

Ants are undoubtful a crucial part in most terrestrial ecosystems and are endorsed as biological
indicators to estimate effects of land management, land use and success of restoration schemes
(reviews Andersen and Majer (2004), Underwood and Fisher (2006), Crist (2009), Philpott et
al. (2010)). Numerous studies tested the efficacy of ants as biological indicators across the
world in warmer regions like Australia (Andersen et al. 2002, Andersen and Majer 2004), dry
grassland in Argentina (Bestelmeyer and Wiens 2001a) or tropical forests (Roth et al. 1994,
Perfecto and Snelling 1995, Perfecto et al. 1997), but in parts also in north-temperate cold
biomes (Ellison 2012). For temperate regions, such insights are largely lacking. There is an
extensive literature on responses of ant communities to different types of disturbance like
agriculture, agroforestry, mining, fire, habitat fragmentation or ecosystem restoration which
would go beyond the scope of this thesis and which was recently reviewed and partly listed by
Andersen (2019). Here, most studies show a negative impact of human-made disturbance on
ant species diversity across ecosystems. Although studies on restoration show how species
communities or whole ecosystems recover from disturbances or human management, they do
not show how communities respond to different management strategies.

Studies which analyzed the effects of management on ants mainly focused on grazing and
logging as main management techniques in grassland and forest ecosystems (Underwood and
Fisher 2006), although other management techniques are widespread.

Common techniques in current grassland management are grazing, mowing, and

fertilization. The effect of grazing on ants has been shown to be highly variable and can differ
between grassland types (Bestelmeyer and Wiens 2001b). In semi-arid rangelands with short
histories of controlled grazing, such as in America and Australia, grazing by livestock can
reduce ant species richness (Bestelmeyer and Wiens 1996, Andersen and Sparling 1997,
Whitford et al. 1999, Woinarski et al. 2002, Boulton et al. 2005), has little effect (Whitford et
al. 1999, Bestelmeyer and Wiens 2001b, Ehrle et al. 2017), or can even increase species richness
(Bromham et al. 1999). Especially the intensity of grazing, and thus the type and the number of
livestock can be decisive for the effect. While Majer and Beeston (1996) found more species in

heavily grazed than in less grazed rangeland, Abensperg-Traun et al. (1996) found fewer ant
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species in highly disturbed Australian sites and suggested grazing and trampling to be the main
factors of this reduction. The effects on ants can differ between the type of grazers. Sheep, for
example, can have positive effects on ant abundance and biomass (Hutchinson and King 1980)
while e.g. Beever and Herrick (2006) found more ant mounts in sites without grazing horses.
In temperate grassland with long grazing history, the effect on ants is not sufficiently studied,
but tends to be rather weak (Pihlgren et al. 2010).

Besides, it is poorly understood whether grazing has direct, indirect of even both effects on
ants. Direct effects can be disturbance or even destruction of nesting sites by trampling of
livestock, whereby the disturbance intensity will be highly dependent on the grazing intensity
and livestock type. Indirect effects can be the increased structural heterogeneity due to
selectively removed plant biomass and spotty fertilization by feces, plant species richness and
the reduced plant ground cover (Calcaterra et al. 2010, Pihlgren et al. 2010, van Klink et al.
2015). While grazing of grasslands is very common (and relatively well-studied) across the
globe (Hoffmann 2010), fertilization and mowing as management strategies are rather restricted
to temperate grasslands.

The direct effects of fertilization might be the disturbance of nesting sites by heavy machinery,
which may be needed to disperse fertilizer. But since this disturbance lasts just a short period
and is rather spotty, the main effect of fertilization will be indirect. Pihlgren et al. (2010) found
fewer ant species in fertilized than in non-fertilized meadows and attributed it to the enhanced
growth of taller plant species. Those plant species reduce sun exposure and soil temperature,
which can limit the occurrence of open-habitat specialized ant species.

In contrast to the trampling of livestock and the trajectories of heavy machinery, mowing affects
the entire grassland patch. When grassland is mowed only a few centimetres above the soil
surface nest mounds of ants may be mechanically destroyed which can result in a significant
loss of brood and workers. Possible indirect effects of mowing on ant communities are the
alteration of available food sources. Thus, mowing reduces the availability of resources
associated with plant parts that are cut, such as floral and extrafloral nectar and the abundance
of trophobionts associated with upper parts of the plants, such as aphids. When other arthropods
are reduced in abundance due to mowing ants might be affected negatively as potential prey
items may be lacking (Zechmeister et al. 2003, Socher et al. 2012). But studies on mowing
effects on ants are rare and, to my knowledge, elucidate only the effects of low-intensity
mowing. Pech et al. (2015) found a shift of species compositions with slightly more species in
plots mown once or twice per year compared to unmown plots and Noordijk et al. (2010) found

an increase of arthropod diversity (including ants) along a gradient from unmown to mowing
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twice a year. Other studies have focused on the time of mowing (Grill et al. 2008, Kordsi et al.
2014) rather than on mowing intensity. E.g. Dahms, Wellstein, Wolters, & Dauber, (2005)
found no effect of low-intensity mowing (once or twice per year) compared to other low-
intensity management types (mown pastures, cattle pastures, and silage meadow). Although
many studies already investigated the effects of mowing, fertilization, and grazing, it is still
unclear how species communities change with increasing land-use intensity, how each
management types affect ants, and which species are particularly vulnerable. Hence, several

fundamental knowledge gaps still need to be filled. Therefore, in my first manuscript, |

analysed the direct and indirect effects of the three main management components on temperate
ant communities and investigated how ants react to land-use intensification.

Overall, it has been shown that ants are sensitive to various types of forest management

and disturbance (Greenslade and Greenslade 1977, Majer 1983, Vasconcelos 1999, Oliver et
al. 2000, Watt et al. 2002, Maeto and Sato 2004, Palladini et al. 2007, Yoshimura 2009, Philpott
et al. 2010, Ewers et al. 2015). Forest management or, in particular, logging can range from
low-intensity selective logging up to clear-cutting (high intensity). The effects on ants are

therefore dependent on the logging intensity. Research on selective logging has so far been

done mainly in tropical rainforests, where only weak effects on ant diversity were found
(Vasconcelos et al. 2000, Kalif et al. 2001). Although the tropics are very species-rich with
numerous specialized and therefore assumingly more sensitive species (Luke et al. 2014), the
response to forest management is rather low (Lawton et al. 1998). Studies on the effects of
clear-cutting on ants are mainly done in boreal or temperate forests, where clear-cutting is a
widespread management technique. The effects of clear-cutting are variable and hard to
generalize. Overall, it can increase ant abundance and diversity, if it reduces canopy cover and
creates clearings which create habitats for “open-country” species (Punttila et al. 1994, Palladini
et al. 2007, Babik et al. 2013, Véle et al. 2016, Tausan et al. 2017). Species which react more
sensitively to forest management are wood ants (genus Formica). Clear-cutting or
fragmentation causes population declines and a high nest-abandonment rate (Sorvari and
Hakkarainen 2005, 2007), that leads to a more aggressive behavior between nests (Sorvari and
Hakkarainen 2004), to changes in population structures (Punttila 1996) and lower variation in
body size due to limit food availability (Herbers 1980, Deslippe and Savolainen 1995, Sorvari
and Hakkarainen 2009).

As described above in detail, different forest management results in varying forest structures

and complexities to which taxa respond differently. Thus, what can be expected for ants?
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Only about 10% of the epigaic Central-European ant species nest occasionally in deadwood,
and only 4% depend on deadwood as a nesting substrate (Seifert 2017). Therefore, the amount
of deadwood might be less important for ants than for other taxa, unless they benefit from higher
prey diversity (bottom-up effects). More important for ants might be the tree species or tree
species diversity of which the forest consists, as tree species, differ in available potential niches
and result in different microclimates. Seifert (2017) e.g. found more species in oak and pine
forests than in beech or spruce dominated forests.

Management techniques such as clear-cutting, shelterwood systems or selective logging highly
influence the canopy openness of forests. This has been shown to be important for ants, as
studies found in woodland in Australia (Lassau and Hochuli 2004), in temperate conifer
mountain forests (Arnan et al. 2009), and along an elevational gradient in a mountain region in
South Africa (Munyai and Foord 2012), and southern France (Blatrix et al. 2016). Studies which
were implemented in the temperate zone found more species in open habitats than in closed
forests (Dolek et al. 2009, Graham et al. 2009, Bernadou et al. 2013, Del Toro 2013) which is
rather not surprising since a high percentage of temperate ant species occur primarily in open
habitats like grasslands (Seifert 2018, Del Toro et al 2013). A reduced canopy cover usually
results in a warmer forest climate and a higher ground temperature. Ants are thermophiles and
in temperate forests, warmer sites harbor more species than colder sites (Sanders et al. 2007).
Thus, the temperature might be a good predictor for species richness (Del Toro 2013, Seifert
2017). But how are temperate ant communities affected by forest management and is it possible
to assign changes to certain changes in forest structures or environmental conditions? In my

second manuscript, I therefore explored the direct and indirect effects of forest management

on the taxonomic and functional diversity of ant communities in 150 temperate forest stands in

three regions in Germany.

Morphological traits — a predictor for ant disturbance response?

Forest management and land use also affect the functional diversity of ant communities (even
without noticeable changes in species richness). Functional diversity of communities’ change
if species with certain traits get lost or are replaced by other species with traits that are less
affected by for example disturbance or changes in vegetation (Del Toro et al. 2013). Examples
for such changes can be found in Punttila et al. (1994) where forest management weakened the
dominance of Formica aquilonia, a suppressor of other species, which was beneficial for the

less dominant F. sanguinea. Another example are the findings of Arnan et al. (2012), who
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showed that dominance hierarchies of Mediterranean ant communities are dependent on traits
like thermal or moisture tolerance and dominant species are replaced by species which are e.g.
adapted to lower temperatures.

To calculate functional diversity, a certain knowledge of the species is required, either about
their lifestyle (life-history traits) or about their morphology (morphological traits). Although
ants have been studied for decades to centuries, especially in the tropics, a high percentage of
species are still undescribed (Folgarait 1998). To cope with this lack of knowledge, ants are
often categorized in functional groups which are based on taxonomic relatedness, dominance
hierarchies or habitat preferences (Andersen 1995). The occurrence or abundance of these
functional groups is often the common “measurement” for ant functional diversity (e.g. Lassau
& Hochuli 2004; Arnan, Cerdd & Retana 2012; Bernadou et al. 2013). Going beyond this
“functional group approach” and combining morphological and functional traits enables a more
detailed understandings of communities (Arnan et al. 2014, 2017, Silva and Brandao 2014)
Overall, trait-based approaches to understand species responses to their environment can
substantially increase our understanding of ecological communities. Since as already stated,
many ant species are still undescribed or weakly studied. Instead of species identities, it may
be more useful to find general rules that can be assigned to species with certain functional traits
rather than to specific species (McGill et al. 2006, Paine et al. 2015). Hence, an approach to
investigate species communities is to analyze morphological traits (Bihn et al. 2010, Gibb and
Parr 2013, Silva and Brandao 2014, Yates et al. 2014, Gibb et al. 2015) or easily measurable
traits such as stable isotope signatures (Feldhaar et al. 2010, Pfeiffer et al. 2014)
Morphological traits of single species and trait compositions of species communities are for
example often analyzed along environmental gradients (Arnan et al. 2014), between spatial
scales (Yates et al. 2014) or differently structured habitats (Gibb and Parr 2010). For the latter,
for instance, different habitat structures and complexities (e.g. desert vs. rainforest, shrubland
vs. forests) can result in differently shaped species communities (Farji-Brener et al. 2004,
Lassau and Hochuli 2004, Sarty et al. 2006, Schofield et al. 2016). Different habitat structures
provide e.g. different food sources or nesting opportunities but also different microclimates and
overall surface complexities. Radnan et al. (2018) found that ant body size declined with
increasing surface complexity and suggested that larger ants are discouraged from foraging in
complex habitats since smaller species can find food sources faster (exploitation competition).
Generally, the effect of habitat complexity on the morphology of ant communities is well
studies. For example, ant leg length decreases with habitat complexity (Parr et al. 2003, Farji-

Brener et al. 2004, Sarty et al. 2006, Gibb and Parr 2010, 2013, Wiescher et al. 2012). Some
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studies found that larger body size can be beneficial in simpler habitats (Farji-Brener et al. 2004,
Sarty et al. 2006), but the correlations of body size and habitat complexity are not consistent
between continents (Gibb and Parr 2013). Nevertheless, findings of Gibb & Parr (2013) provide
the support that habitat complexity filters species composition through their morphological
traits.

Therefore, the question arises if a certain knowledge of a species, like its morphology, is enough
to predict how it will respond to changes in habitat structures. Such knowledge could help to
make precise and species-specific estimations of how habitat disturbances or management

intensification affects species communities. In my third manuscript, I made a first attempt to

answer this important but very extensive question. Based on the findings of Radnan et al.
(2018), Farji-Brener et al. (2004), Sarty et al. (2006) and Kaspari and Weiser (1999), larger ant
species should move faster in open, less structured habitats, while smaller species should be
advantaged in more complex habitats, since their shorter legs enable movement through gaps
between obstacles. Encouraged by the recent findings of Yanoviak et al. (2017), who found
decreasing running speed of arboreal ants with increasing roughness of plant surfaces, 1
investigated the running speed of differently sized ants (body size and leg length) along a
surface rugosity gradient which represents different habitat structures.

If habitat complexity filters species through their morphological traits, I predicted that larger
species were fast on smooth surfaces but lost speed with increasing complexity, smaller species
were less affected and most important, similarly sized species respond similarly to changes in

surface complexity.
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Manuscripts of the thesis and overview of the main results

Manuscript 1:

Heuss, L., Grevé, ML.E., Schifer, D., Busch, V. & Feldhaar, H. (2019) Direct and indirect
effects of land-use intensification on ant communities in temperate grasslands. Ecology and

Evolution, 9:4013-4024.

In this manuscript, it was our aim to disentangle the direct and indirect effects of land-use
intensification and its three main components, grazing, fertilization, and mowing, on ant species
richness in 110 temperate grasslands in three regions in Germany. We found that a high land-
use intensity had a significant negative effect on ant species richness, compared over all regions.
Among the different land-use strategies, mowing had the strongest negative effect, followed by
heavy grazing. Fertilization had no significant effect.

Ant species richness was directly negatively affected by a high mowing intensity and a high
grazing intensity, as well as soil moisture. Besides, high mowing and grazing intensities resulted
in a reduced plant species richness but a higher plant height. In contrast to grazing with cattle,
grazing by sheep had significant positive effects on ant species richness.

We tested whether the ant community composition changes along a land-use intensity gradient
and investigated which morphological and life-history (functional) traits are affected in
communities when certain species disappear. We found that land-use intensity strongly
impacted the occurrences of the different species. Very common species showed high
tolerances to land-use intensification while the rarest species occurred mostly in low-intensity
managed plots. Morphological trait spaces were not affected by land-use intensification, but at
high management intensities, where species with rare life-history traits (like multiple nests in
one colony) get lost. In addition, especially aboveground-nesting species were highly sensitive

towards mowing.
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Manuscript 2:

Grevé, MLE., Hager, J., Weisser, W.W., Schall, P., Gossner, M.M. & Feldhaar, H. (2018) Effect

of forest management on temperate ant communities. Ecosphere, 9:¢02303.

In this manuscript, we investigated ant communities in 150 German temperate forest stands
with different forests management regimes and investigated 1) whether forest management
affects the abundance, species richness, functional diversity, and composition of ant
communities and 2) if these changes are mediated by a change in the environmental conditions,
such as structural heterogeneity, microclimate and food supply. We found that ant species
richness differed between forest types. Low species richness was found in spruce and beech
forests and high species richness in oak and pine forests. Species richness was positively
affected by pine as dominant tree species. Ant abundance was directly and negatively affected
by spruce as dominant tree species.

The main indirect effects of forest management on ant abundance was a high temperature
amplitude, and thus warmer forest climate, via a reduced canopy cover in oak and pine stands.
Functional diversity could only be calculated for one of the three regions since the other two
harbored a very low mean number of species. We could not find any direct or indirect effects
of forest management on the functional diversity based on morphological traits. Based on life-
history traits, functional diversity was the highest in open forests with a low structural

complexity, which were dominated by pine trees.

25



Manuscript 3:

Grevé, MLE., Bldha, S., Teuber, J., Rothmaier, M. & Feldhaar, H. (2019) The effect of ground
surface rugosity on ant running speed is species-specific rather than size dependent. Insectes

Sociaux 33:355-364

In this manuscript, we asked the question whether morphological traits can be used to predict
how a species is affected by increasing surface rugosity in differently complex habitats, or in a
broader view tested the suitability of morphological traits as functional traits. Therefore, we
measured intra- and interspecific variation in running speed of seven differently sized non-
arboreal ant species along an increasing surface rugosity gradient.

We found that an increasing surface rugosity led to a decrease of running speed in all tested
species but the response to increasing surface rugosity was idiosyncratic and highly species-
specific. Running speed did not consistently rise with extending body size and leg length. In
addition, similar sized species differed greatly in their response to changing surface rugosities.
Thus, leg length was not a good predictor for running speed, which hampers precise predictions

on how species might respond to changing habitats, based on morphological traits exclusively.
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Discussion

Central European temperate grasslands and forests are managed since millennia. With
increasing human population size and a simultaneously increasing knowledge on the impact of
management, management strategies have changed in recent years. These changes create new
knowledge gaps, such as how certain species groups can be specifically supported and require
additional research.

The impact of increasing land-use intensity on temperate grasslands communities was already
investigated for plants and several arthropod groups (Socher et al. 2012, Simons et al. 2014,
2016, Gossner et al. 2016, Simons and Weisser 2017). Overall, land-use intensification
threatens biodiversity and causes multitrophic homogenizations (Gossner et al. 2016).
Unfortunately, ants as a key taxon in grasslands were not included in these studies. Thus, the
question remained how increasing land-use intensity and the single land-use practices grazing,
fertilization and mowing affect temperate ant communities.

This knowledge gap could be closed in Heuss and Grevé et al. (2019). Land-use intensification
reduces ant species richness and diversity. Mowing was the most harmful practice, especially
for aboveground-nesting ant species. In addition, high mowing intensities, combined with
fertilization reduced the number of plant species and the shrub cover while simultaneously
resulted in increased vegetation height. Hence, high mowing intensities have comprehensive
effects on grasslands and reduce ant species richness and grassland structural diversity (Heuss
and Grevé et al. 2019). Mowing has an immense negative impact on temperate ant communities
(Heuss and Grevé et al. 2019), but assumingly, the effects are inconsistent among regions.
Mowing affects aboveground-nesting species more than soil-nesting species (Heuss and Grevé
et al. 2019). These aboveground nests serve as heat collectors for optimal larval development
(Penick and Tschinkel 2008). In warmer climatic regions in which ant species do not build
aboveground nests, mowing can be less detrimental.

Therewith ants respond similarly to multiple other groups such as plants, herbivores, secondary
and tertiary consumers, and as such, all parts of the trophic pyramid of the grassland ecosystem
(Gossner et al. 2016). To my knowledge, Heuss and Grevé et al. (2019) is the first study which
covers a large gradient of land-use intensities in grasslands and which disentangles the effect
of each management practices separately.

The effects of grazing for example are dependent on its intensity and can have both, positive
and negative impacts on temperate ants (Heuss and Grevé et al. 2019). This fits the findings of
several other studies across the world (positive: Majer and Beeston (1996); Bromham et al.
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(1999); Bestelmeyer and Wiens (2001a); negative: Bestelmeyer and Wiens (1996); Andersen
and Sparling (1997); Whitford et al. (1999); Woinarski et al. (2002); Boulton et al. (2005), or
no effect: Arcoverde et al. (2017)).

More important than grazing itself are the resulting changes in the grassland structure. In a
study on the effect of grazing on the structure and composition of ants between savanna and
grasslands in subtropical Argentina, Calcaterra et al. (2010) found no direct effect of grazing
on ants but the richness of ant species and functional groups was higher in the structurally more
complex savannas. They also found that livestock grazing simplified vegetation structure by
reducing overall plant height in both habitats. However, the grass cover variation did not explain
the differences in overall species richness (see also Vasconcelos et al. (2008)), but the species
group of hot-climate specialists gained distinctly. These species prefer open environments with
sparse vegetation coverage as can be found in grazed sites (Andersen 1995). In grassland or
savanna plots with a higher vegetation cover, hot-climate specialists are replaced by more shade
tolerant, opportunistic species (Calcaterra et al. 2010). Such effects of grassland structures on
species compositions can be found outside of the subtropical zone as well. In the semiarid
Mediterranean region, hot-climate specialists are the dominant group in open habitats with low
vegetation cover only and are otherwise replaced by opportunists and generalistic Myrmicinae
in sites with higher plant densities (Reyes-Lopez et al. 2003, Arnan et al. 2007).

Species belonging to the hot-climate specialists normally do not occur in the temperate region,
but here, open habitats play an important role for other species as well. In Belgium, Dekoninck
et al. (2007) showed that rare xerophilic ant species, preferring warm and dry habitats, occur in
high numbers in calcareous grasslands, where vegetation is usually short. They assume that in
grassland with the encroachment of tall grasses, the rare xerophilic ant species will be replaced
by mesophilic, rather common species. Such xerophilic species belong largely to the genus
Formica such as F. clara, F. pratensis, F. rufibarbis but also Lasius alienus. They will be
superseded by less thermophilic ant species from woodlands and closed grassland vegetations
like several Myrmica species (Dekoninck et al. 2007). This corresponds with the findings of
Heuss and Grevé et al. (2019) in which thermophilic to xerophilic species occur in plots with
low management intensities (mostly pastures with low vegetation height), while more shade-
tolerant species were found in more intensively managed grassland plots (meadows, dominated
by tall, fast-growing grass species).

But “grasslands” with limited plant cover are not necessarily the most ant species-rich grassland
type. Indeed, the structural heterogeneity of grasslands is an important driver of ant species

diversity. This heterogeneity can be due to a high plant species richness or due to e.g. shrub
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encroachment which will attract additional woody species as it was found across the world in
Slovakia (Wiezik et al. 2013), Spain (Azcéarate and Peco 2012), Ohio (Campbell and Crist
2017), and Australia (New 2000). But especially shrub encroachment should be limited since

otherwise open-habitat grassland species will get lost (Dahms et al. 2010) (Figure 3c).

Figure 3. a) and b) Examples for extensively managed meadows with a high flower and ant

diversity. c) Example for an abandoned meadow with early stages of shrub encroachment.
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Now, that the effects of land use on ants are known, the question arises if current grassland
conservation strategies are suitable to protect ant diversity. In Heuss and Grevé et al. (2019),
we highly recommend reducing grassland management intensity, especially the number of
mowing events per year. In addition, the transformation from pastures to high production
meadows should be stopped. To preserve grassland biodiversity but also to maintain the
productivity of grasslands, current grassland conservation strategies in Germany comprise a
mosaic of grasslands which vary in management type and intensities within a landscape. This
approach is supported by numerous scientific studies such as Kruess and Tscharntke (2002),
Samways (2005), Cizek et al. (2012), Gamez-Virués et al. (2015), as well as Simons and
Weisser (2017), who investigated how landscapes can be managed to maintain or increase
productivity and protection of arthropods at the same time, using data from more than 1000
grassland arthropod species but unfortunately, does not include ants. Most arthropod species
are highly mobile and find refuges in extensively used plots within this mosaic. But ants are
quasi-sessile organisms, once the colony is established. Hence, their colony relocation into less
intensively used plots is very unlikely. Furthermore, such a mosaic of different management
types might not increase overall ant species richness at the landscape scale (Dauber and Wolters
2004). Grassland plots are often managed in a rotation system. The management intensity of so
far extensively used plots will be increased, while management on so far high-intensity plots
will be reduced. Being unable to move elsewhere quickly, ant species richness will therefore
decrease in the newly intensively used plots. Dauber et al. (2006a) showed that the highest ant
diversity occurs in plots with continuous, low-intensity land use. In contrast to plants, for which
extensively used plots serve as seed banks (Kiehl et al. 2010), the recolonization of ants in
former intensively used plots might be slow and highly variable (Dauber and Wolters 2005).
Another currently used management strategy to protect arthropod diversity is mowing only
parts of the grasslands and leave the rest undisturbed at first. However, this strategy does not
protect ants.

A habitat type in which grassland management intensification should be particularly avoided is
the ecotone of grasslands and forests. These ecotones are species-rich since they share ant
communities from both biomes (Seifert 2017, 2018). Besides, the occurrence of grassland
species can strongly influence forest communities. Wood ants (Formica) are one of the most
influential groups in temperate forests (Frouz et al. 1997, Laakso and Setédlda 2000, Domisch et
al. 2008). However, they are more common at forest/grassland ecotones than in dense forests
(Seifert 2018), since wood ants require and parasitize Serviformica nests which prefer

grasslands. But especially Serviformica species are highly sensitive to grassland management
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and do not occur at high mowing intensities (Heuss and Grevé et al. 2019). Thus, grassland
management can have a high impact on grassland and forest ant communities.

Forest management can positively affect temperate ant diversity (species richness and
functional diversity) if it results in a reduced canopy cover and a lower structural complexity,
e.g. through tree harvesting. Especially the selection of shade-intolerant tree species, which
creates warm stand conditions, such as pines and oaks, leads to more diverse ant communities
(Grevé et al. 2018). Interestingly, the forest types which reflect natural forests in Central
Europe, uneven-aged and unmanaged beech forests, harbor significantly fewer species than
managed forests (Grevé et al. 2018). These findings stand partly in contrast to the insights in
Maeto and Sato (2004) and Yoshimura (2009), who found no differences in ant species richness
between unmanaged forests and managed forests in temperate Japan. But the species
compositions were differently structured, and the unmanaged forests were dominated by
woodland specialists. While managed forests harbored mostly open-habitat specialists or
habitat generalists (Maeto and Sato 2004, Yoshimura 2009).

Similar to Grevé et al. (2018), Guzmédn-Mendoza and Castafio Meneses (2016), investigated
ant communities in unmanaged forests, managed forests, and reforested forests in temperate
Mexico. They found the highest species richness in the highly disturbed reforested forests and
an overall high species turnover (few shared species) between the forest types. Hence, forest
management in the temperate region strongly affects ant communities, leads to an increased
species richness or at least to changes in species compositions.

A very important aspect or driver of these variations between ant communities is the change of
the forest microclimate. Warmer forest climates increase the larval development of ants
(Kipyatkov and Lopatina 2015) which may result in faster colony growth, especially in

temperate and boreal regions.
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Figure 4: Examples for a mixed coniferous-deciduous forest with a low canopy coverage and a
high ant diversity. All pictures were made within a 500m x 500m area. After only 20 minutes
of hand sampling, I could find 11 different ant species: Lasius playthorax, Lasius brunneus,
Formica polyctena, F. fusca, F. cunicularia, Camponotus ligniperda, Myrmica ruginodis, M.

lobicornis, Tetramorium cf. caespitum, Temnothorax unifasciatus and 7. nylanderi.
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A warmer microclimate via a reduced canopy cover has positive effects on ants in the European
boreal (Punttila et al. 1994, Palladini et al. 2007) and temperate region (Dolek et al. 2009,
Tausan et al. 2017, Grevé et al. 2018) (Figure 4). In the temperate part of the United States,
studies investigated forests and adjacent open habitats and could highlight how important a high
canopy openness and the consequently increased temperature can be for ant communities.

Del Toro et al. (2013) found a five times lower species richness in dark (hemlock-white) pine
forest stands compared to open habitats. Forests with less dense canopies and open habitats
were similarly diverse. Lessard et al. (2009) studied ant communities in oak forests in the
southern Appalachians and stated a positive relation of species richness and within-site
variation in ground temperature. Such a variation in ground temperature is assumingly a result
of different canopy covers (Grevé et al. 2018). In addition, higher ground temperatures reduce
soil moisture, which is beneficial for ground-dwelling ants as well (Seifert 2017).

Since forest management has positive effects on ants in cold and temperate regions if it results
in a warmer forest climate, the question arises how ants respond to forest management in
warmer regions. Surprisingly, the results of Azcdrate et al. (2013) from Central Spain suggest
similar patterns as found in colder regions. They analyzed the effects of forest paths in oak
forests (Quercus pyrenaica) and coniferous forests (dominated by Pinus sylvestris) and found
distinctively more species on the drove road than in the closed forests. The forest paths had a
higher plant diversity than forests and were a habitat for more specialized ant species, such as
granivores, scavengers and hot-climate and open-habitat specialists. Ant species occurring in
the forests were mainly opportunists and generalists (Azcdrate et al. 2013). In the subtropical
woodland around Sydney, Australia, Lassau and Hochuli (2004) draw the same picture and
showed that ant species richness was negatively associated with canopy cover.

Compared to the temperate zone, tropical rainforests are a hotspot of ant diversity and harbor
numerous specialized species. Besides the immense loss of species and habitats due to extensive
deforestation and transformation to arable land, outside protected areas, most tropical forests
are exploited or managed by selective logging. Thereby, only trees of commercial value are
harvested, and the forest is then left to regenerate. Overall, this sustainable use is less
detrimental to the forest ecosystem and a meta-analysis of Putz et al. (2012) revealed that “85-
100% of species of mammals, birds, invertebrates, and plants remain after logging” (Putz et al.
2012).

Vasconcelos et al. (2000) compared ground-living ants between undisturbed forests and forests
which were selectively logged at different years in Amazonia. They found no significant

differences in ant species richness between the treatments. However, compared to undisturbed
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forests, the managed forests showed a reduced canopy cover and different ant species
compositions. Thus, rainforest management via selective logging has only minor effects on
ground-living ants, if it does not lead to large scale disturbances and a high tree diversity
remains (Leal et al. 2012). Furthermore, ant communities are able to recover and with
increasing time after disturbance, species communities in disturbed and undisturbed forests
become more similar (Ryder Wilkie et al. 2009, Bihn et al. 2010). But the effects of selective
logging can differ between ground-living and arboreal ants. For the latter, logging can lead to
a complete habitat loss which results in a lower number of arboreal species in secondary
compared to primary rainforests (Klimes et al. 2012).

Another type of forest management is rainforest reforestation which has been shown to be very
supportive for ant conservation. In Cameroon rainforests, Watt et al. (2002) found that even
reforestation with a single tree species can recover large parts of the former ant diversity. If
forests are reforested from pastures, ant communities are first intermediate between pastures
and rainforests but become more similar to rainforest communities when the canopy cover
increases (Piper et al. 2009, Lawes et al. 2017). Overall, ant communities in tropical forests
respond to alterations of canopy cover with changes in community composition. But as opposed
to colder regions, species diversity does not increase with canopy openness and species like
specialized predators or tropical-climate specialists are replaced by more disturbance-tolerant
species (Lawes et al. 2017). Nevertheless, tropical rainforest ant communities, similar to ants
in colder bioregions are influenced by temperature (Mezger and Pfeiffer 2010, McGlynn et al.
2010, Déttilo and Dyer 2014). Drose et al. (2019) studied the drivers of ant communities in
forest-grassland ecotones in South Brazil. Similar to forests and grasslands in colder regions,
they found more ants in forests with higher temperatures at the forest ground and a low
vegetation height in the grasslands (Drose et al. 2019).

Summarized, an open canopy cover is a significant driver of ant diversity, particularly in less
tropical regions. Keeping this in mind, current management strategies of forests in Central
Europe must be reconsidered. The recommendation for forest managers in Grevé et al. (2018)
to include more open and warmer stages in their management strategies to promote ants
contradicts with current management strategies. These comprise the admixture of deciduous
tree species in coniferous forest stands which increases structural complexity and add a second
canopy layer. This second layer reduces the amount light reaching the ground and therewith
result in colder ground temperatures. Thus, the management strategies of the last decades did
not support ant diversity. However, facing climate change, forest management in Central

Europe will undergo extensive restructuring. Future management strategies which are
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discussed, include an enhancement of tree species richness, the reduction of forest
monocultures, and the promotion of light-demanding, or non-native tree species (Brang et al.
2014). Especially the promotion of light-demanding tree species can increase ant diversity in
terms of species richness and even functional diversity (Grevé et al. 2018).

Functional diversity can among others, be based on morphological or life-history traits, or a
combination of both. To understand how the diversity of an ecosystem, habitat, or population
changes e.g. under management, it is very useful to include measurements of functional
diversity in the analyses.

But functional diversity can only be calculated if communities consist of a sufficient number of
species. However, especially in poor habitats, like spruce monocultures, ant communities often
consist of a low number of species (Seifert 2017, Grevé et al. 2018) and measurements of
functional diversity are difficult or even impossible. In Grevé et al. (2018) it was possible to
use morphological traits to reveal regional differences between communities such as larger
bodies or longer legs in formicine dominated communities, compared to mixed family
communities. But the functional diversity, based on morphological traits, was not variable
enough to find management related effects on the communities (Grevé et al. 2018). The cause
for this lack of effects was the high morphological similarity between the occurring species.

If communities are diverse enough like in tropical or arid regions, the use of morphological
traits can result in great insights like that ant species communities are shaped by habitat
structures (Farji-Brener et al. 2004, Sarty et al. 2006, Wiescher et al. 2012, Gibb et al. 2015,
Radnan et al. 2018). For example Gibb and Parr (2010) investigated the foraging efficiency of
ant communities across the globe and found clusters of smaller species in complex habitats and
a broad spread of body sizes in open habitats in South Africa (30 species). However, in Sweden
(8 species) the body sizes were more evenly distributed since the species communities were
similar in complex and open habitats (Gibb and Parr 2010). Thus, in less diverse communities,
morphological trait variation can be too low to detect such variation (Grevé et al. 2018, Heuss
and Grevé et al. 2019).

Another problem using morphological traits are my findings in Grevé et al. (2019), that the
response of species to changes in e.g. habitat structure can be highly species-specific and not
generalizable (Grevé et al. 2019). This hampers precise predictions on how species might
respond to changing habitats, based on morphological traits only, since even similarly sized
species can respond idiosyncratically if they have different habitat preferences or vary in other

life-history traits (Grevé et al. 2019).
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A great example for the comparison for a low morphological but high life-history trait diversity
is the genus Myrmica. Most of the 20 species occurring in Germany have very similar shapes
and the morphological distinction between species is often based on subtle differences in the
shape of the scape or the petiole (Seifert 2018). Nevertheless, the species show high life-history
variability. Within closely related species of for example the Myrmica scabrinodis species-
group, species can vary distinctly in their temperature preference and therefore habitat
preference (from cold to warm and wet to dry: M. scabrinodis, M. sabuleti, M. specioides) and
differ e.g. in colony size, number of queens and competitive strength (Radchenko and Elmes
2010).

If an ant community is changing and one of these species is replaced by another, the life-history
based functional diversity would change, while the morphological trait-based functional
diversity would remain similar. Hence, investigating species-poor communities or communities
which are consisting of many morphological similar species, a life-history approach to calculate
functional diversity is more promising than a morphological trait approach (Grevé et al. 2018;
Heuss and Grevé et al. 2019). But the usage of life-history traits requires a comprehensive
knowledge of the studied species, which is often not available. To handle this problem, ants are
commonly assigned to functional groups (Andersen 1997) and the diversity of the community
is measured as the number of occurring functional groups and the number of species within
each group (Bernadou et al. 2013, Del Toro et al. 2015). But this functional group approach is
not useful for analyses of ants in Central Europe since the majority of the common species
belong to the three largest genera, Lasius, Formica (incl. Serviformica) and Myrmica (Seifert
2018). Assigned to functional groups, Lasius and Formica (real wood ants) belong to the cold-
climate specialists, Serviformica to the opportunists, and Myrmica belongs to the generalized
Myrmicinae (Andersen 1997). Most other species are rare or only locally abundant (Seifert
2007). Especially cryptic species, like Ponera, are very rare or completely missing. Species
with unique traits such as specialized predators do not occur, to my knowledge. Fortunately,
the ant species in Europe are well studied and a variety of life-history traits can be found in the
literature for many species (Arnan et al. 2017, Seifert 2017, 2018). Using a combination of
taxonomic diversity (number of species) and functional diversity, based on life-history traits,
we could show that grassland and forest management alter temperate ant communities (Grevé
et al. 2018; Heuss and Grevé et al. 2019). Management in both biomes lead to changes in
community compositions.

In the grassland, management intensification led to a loss of species richness and functional

diversity. Low-intensity managed grasslands with low vegetation harbor species with a variety
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of (unique) life-history traits. They can be habitats for rare Tapinoma species, which belong to
the subfamily Dolichoderine and which are highly dominant and abundant in warmer
bioregions. They have a polygynous (multiple queens per nest) colony structure, forage
preferably in the herb layer and are nectarivores (Seifert 2018). Another species which occurs
only in dry, open habitats is Lasius alienus, which is a sister species of L. niger and does not
differ much from L. niger but is less aggressive and is an important host for several butterfly
species. Low-intensity managed grasslands harbor also species such as the aggressive,
dominant, social-parasite species Formica sanguinea and their Serviformica hosts (Seifert
2018). In grasslands with at least some woody plants, F. pratensis can be found. This large
species belongs to the wood ants, has a highly variable colony structure (monogynous or
polygynous, single or grouped nests) and can build large aboveground nests with high
population sizes (Seifert 2018). In Germany F. pratensis is highly threatened and protected by
law. With their aboveground nests, they occur mainly in unmown grasslands (Heuss and Grevé
et al. 2019).

However, a moderate land use which results in less dry grasslands via higher plant height can
create suitable habitats for mesothermic ant species. Such a species is Lasius flavus, which are
subterranean foragers, and alters grasslands via their aboveground nests and the movement of
soil (Ehrle et al. 2017). However, with an increasing number of cuts per year, L. flavus stops
occurring (Heuss and Grevé et al. 2019).

At high-intensity managed plots, formicine species which build huge colonies with multiple
queens or aboveground nests are missing and only Lasius niger remains. This species is highly
adaptive to most environments, strictly monogynous in older colonies, very aggressive and
feeds on any available food source (Seifert 2018). Despite building partly aboveground nests,
L. niger occurs in high densities so that mowing has weaker effects on them compared to more
sensitive species. Myrmica species are less sensitive. While some species have narrow
temperature and moisture preferences (see above), the three most common species M. rubra,
M. scabrinodis and M. ruginodis show low sensitivities (Heuss and Grevé et al. 2019) and occur
even in shady forests (Grevé et al. 2018). In forests, management intensification can have the
opposite effect compared to grasslands. It can increase functional diversity, when it results in a
lower canopy cover and a warmer forest climate (Grevé et al. 2018). Forests with low canopy
cover are suitable habitats, especially for formicine species (Figure 4) which show high
variation in life-history traits such as colony size, number of nests, number of queens, diet and

behavioral dominance.
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Ants are one of the most influential organisms in terrestrial ecosystems. As ecosystem and soil
engineers, ants alter both, grasslands and forests and influence plant and animal communities.
Therewith, ants are a great model organism to analyze a variety of ecological key questions,
such as how communities are affected by management and how they respond to changes.

Overall, I could contribute significantly to the understanding of how ants react to current
management practices in temperate grasslands and forests and could highlight the need for
functional diversity analyses in biodiversity research. In addition, I strongly recommend the
usage of life-history traits over morphological traits in the analyses in communities which show
high morphological similarities (Grevé et al. 2018; Heuss and Grevé et al. 2019). Beside low
variation, morphological traits may yield misleading results since similar shaped species can

act idiosyncratic and highly species-specific (Grevé et al. 2019).
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Abstract

Land-use intensification is a major driver of local species extinction and homogeniza-
tion. Temperate grasslands, managed at low intensities over centuries harbored a
high species diversity, which is increasingly threatened by the management intensifi-
cation over the last decades. This includes key taxa like ants. However, the underly-
ing mechanisms leading to a decrease in ant abundance and species nchness as well
as changes in functional community composition are not well understood. We sam-
pled ants on 110 grassland plots in three regions in Germany. The sampled grasslands
are used as meadows or pastures, being mown, grazed or fertilized at different inten-
sities. We analyzed the effect of the different aspects of land use on ant species
nchness, functional trait spaces, and community composition by using a multimodel
inference approach and structural equation models. Overall, we found 31 ant speces
belonging to & genera, mostly open habitat specialists. Ant species nchness, func-
tional trait space of communities, and abundance of nests decreased with increasing
land-use intensity. The land-use practice most harmful to ants was mowing, followed
by heavy grazing by cattle. Fertilization did not strongly affect ant species richness.
Grazing by sheep increased the ant species richness. The effect of mowing differed
between species and was strongly negative for Formica species while Myrmica and
commaon Lasius species were less affected. Rare species occurred mainly in plots
managed at low intensity. Our results show that mowing less often or later in the
season would retain a higher ant species nichness—similarly to most other grassland
taxa. The transformation from (sheep) pastures to intensively managed meadows and
especially mowing directly affects ants via the destruction of nests and indirecthy via
loss of grassland heterogeneity (reduced plant species richness) and increased soil
moisture by shading of fast-growing plant species.
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1 | INTRODUCTION
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In termperate Europe, grasslands have been extensively managed
over centuries by grazing and low-intensity mowing. Theze semi-
natural grazsland ecosystems show a very high plant and animal
diversity (Chytry et al, 2015; Hejcman, Hejcmanova, Pavid, &
Benef, 2013), but are threatened by increasing management inten-
sity (or abandonment) ower the last decades. A negative influence
of imcreasing land use on species richness and abundance has al-
ready been documented for plants [Haddad, Haarstad, & Tilman,
2000; Harpole & Tilman, 2007; Kleijn et al, 200%; Socher et al,
2012), different arthropod groups (Allan et al., 2014; Chists et al,
2014; Hendrickx et al., 2007; Simons et al., 2014), and on the over-
all functional diversity of communities (Birkhofer, Smith, Weizser,
Waolters, & Gossner, 2015; Blithgen et al., 201&; Flynn et al_, 2009).

In Germany, about 28% of the agricultural land is used inten-
sively as grassland, either as meadows or pastures [Statistizches
Bundesamt, 2014). The three management practices used in ag-
ricultural grasslands are mowing, fertilization, and grazing (mosthy
by cattle and sheep). They differ in their effects on biediversity in
grasslands (Simons et al., 2014; Socher et al,, 2012), and effects
change along the management intensity gradient. Fertilization and
mowing are often highly correlated (Blathgen et al., 2012), and high
intensities of both result in the homogenous vegetation structures
and reduced plant diversity (Harpale & Tilman, 2007). This leads
to overall multitrophic homogenization (Goszner et al., 2014) and
therefore a decline in arthropod species richness and abundance
[Haddad et al., 200%). Besides these indirect effects, mowing
glso has direct negative effects on arthropods (Marini, Fontana,
Scotton, & Klimek, 2007; Micksl & Hildebrandt, 2003; Simons et al,,
2017; Socher et al., 2012) as they are killed by machines (Thorbek
& Bilde, 2004). In contrast, grazing affects the biotic environment
by simplifying and thinning out vegetation and litter, which can, at
a moderate level, increaze plant diversity (Stewart & Pullin, 2008,
an effect, that can vary between the different types of livestock
[Socher et al., 2013). Thus, moderate grazing has a far less detri-
mental effect an arthropeds than mowing and fertilization.

Ants are a key taxon in grasslands [reviewed in Wills & Landis,
20118). They are moderately diverse and can be highly abundant, mak-
ing them important consumers and ecosystem engineers (Folgarait,
1998; Del Toro, Ribbons, & Pelini, 2012). Ants alter plant communi-
ties through predation of herbivorous insects (3anders & van Veen,
20111}, seed dispersal (Howe & Smallwood, 1982), and seed consump-
tion [Dauber, Rommeler, & Walters, 2008). Additionally, they build
subterranean nests and thereby modify the soil structure, which in-
creases plant diversity (Memec, 2014; Del Toro et al., 2012) due to
the creation of small islands for less competitive plant species, which
would otherwize be outcompeted [Dean, Milton, & Klotz, 1997

Land-uze intensification may negatively affect ant spedies rich-
ness (Dauber & Wolters, 2004, 2005), abundance, and colony density
[Diaz, 1991; Folgarait, 1998} and functional community compaosition
[Dauber & Walters, 2003) in temperate grassland both directly and
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indirectly. However, the underlying mechanizms leading to the de-
crease in ant species richness, abundance, and the effects on species
with distinct functional traits and therefore functional community
composition are currently not well understood. The impact of the
different management practices such as mowing, fertilization, and
grazing have not yet been elucidated.

Mowing affects the entire grazsland patch and can have a direct
negative effect on ant species building nest mounds, as especially
the aboveground parts of the nest are destroyed during mowing.
Ant species which differ in their trophic niche and foraging behavior
(Bluthgen & Feldhaar, 2010} might be affected differently by land use
as well. Indirect effects of mowing on ant communities are the alter-
ation of available food sources and changes of microhabitats. Thus,
mowing instantly reduces the availability of resources associated
with plant parts that are cut, such as floral and extrafloral nectar, as
well as the abundance of arthropods and therewith potential prey
itemns and trophobionts may be lacking (Socher et al., 2012). To date,
studies on mowing effects on ants are, to our knowledge, mainly
elucidating effects of low-intensity mowing [max. two cuts per year).
Pech, Dolanzky, Hrdlicka, and Lep? (2015), Moordijk et al (2010, and
Pérez-5anchez, Zopf, Klimek, and Dauber [(2017) found that different
mawing regimes led to highly site-dependent responses of ants.

Direct effects of fertilization might be the disturbance of nest-
ing sites by heavy machinery. However, the main effect of fertil-
ization will be indirect. Pihlgren, Lenoir, and Dahms [2010) found
fewier ant species in fertilized than in nonfertilized meadows and
linked thiz to the enhanced growth of taller plant species. Such
plant species reduce sun exposure and thus soil temperature,
which can reduce the occurrence of ant species specialized to
open habitats.

For grazing, positive (Bromham, Cardillo, Bennett, & Elgar, 1999),
negative (Boulton, Davies, & Ward, 2005), and neutral [Bestelmeyer
& Wiens, 2001; Whitford, Zee, Mash, Smith, & Herrick, 1999) ef-
fects have been found. However, grazing effects are to date not
sufficiently studied in temperate grasslands with long grazing his-
tory (Fihlgren et al., 2010). Besides, it is poorly understood whether
grazing affects ants directly due to the destruction of nesting sites
by trampling of livestock or indirectly, through increased structural
heterogeneity due to selectively removed plant biomasz, localized
fertilization by feces depaosition, altered plant species richness, and
reduced plant cover, which increazes ground temperature (Boomsma
& Van Loan, 1982).

In thiz study, we aim at dizentangling the effects of the com-
pound land-use intensity [LUL Blithgen et al, 2012) and its three
main components, grazing, fertilization, and mowing, on ant spe-
cies richness and abundance in temperate grasslands. We analyze
the importance of both direct and indirect effects of land-use in-
tensification and management type in termperate grasslands on ant
community composition. We test whether the ant community com-
pasition changes along a land-use intensity gradient and investigate
which morphalogical and life history functional traits are reduced in
communities when certain species disappear.
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2 | METHODS

2.1 | Study site

This study was performed within the framework of the Biodiversity
Exploratories, which includes three study sites in Germany, the
Schwabische Alb, Hainich-Din, and Schorfheide (Fischer et al,
2010) [www biodiversity-exploratories.de)l. The three study regions
reflect a gradient of increasing altitude and precipitation and de-
creasing annual man temperatures from northeastern to southwest-
ern Germany (for detailed description of the regions see appendix).
Each region (henceforth Alb, Hainich, and Schorfheide) comprises
50, relatively evenly distributed grassland plots of 50 m = 50m for
comparative biodiversity studies along a land-use gradient. For ad-
ditional details, see Fischer et al. (2010).

2.2 | Land-use intensity index

The sampled grazslands are managed by local farmers as meadows,
pastures, or mown pastures (mown and grazed by livestock) at differ-
ent intensities. Land-use intensities range from extensively used pas-
tures to heavily fertilized meadows which are mown up to four times
& year. Standardized interviews have been conducted every year to
record the intensity and type of land use for every plot, considering
mowing intensity (M), fertifization intensity [Fl, and grazing intensity (&
. Mowing is measured &= the number of cuts per year [ranging from
zerg to three cuts per year). Fertilization inbensity is measured as the
amaunt of nitrogen (in kg) applied per hectare and year from chermical
fertilizer, manure, or slurmy. Grazing intensity includes information on
livestock type (sheep, cattle, and/or horses], number of livestock units,
and duration of the grazing period (in days). All three land-use compo-
nents are integrated into the globally standardized land-use intensity
measure LUI by averaging the three measures after standardizing to a
commaon scale:

M) . Fii} . G}
Mmean Fmean Gmean

LU=

where Mmean, Fmean, Gmean are mean values for all plots of each
region [Bldthgen et al., 2012). To quantify long-term land-use inten-
sity, a mean LUI for the years 2011 to 2015 was calculated.
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2.3 | Sampling design

Due to the presence of livestock or mowing activities, we conducted
the sampling on 110 of the 150 plots (Table 1). Per 50 m = S0 m
plot, we combined the three different sampling methads of pitfall
trapping, hand zampling, and baiting in order to achieve a robust
representation of ant species richness. Sampling was conducted
in tranzects along all four edges of each plot, with transects of
each edge being 50 m long and 2 m wide. In total, 12 pitfall traps
were placed per plot along the transects [for detailed description
see appendix]. In 2014, we sampled pitfall traps in the regions Alb
{Jume] and Hainich [August) and July 2015 in Schorfheide. In 2015
(Alb in May, Hainich in June, and Schorfheide in July), we walked
the two-meter wide transects, collected all ants vizible foraging an
the ground or in vegetation. All vizible ant nests were counted and
sampled once an the same transects through walking along all four
edges and searching for ant nests on the surface, as a measurement
for ant abundance. In addition, 14 bait stations were placed along
the edges [four per edge at a distance of 7.3, 17.5, 32.5, and 42.5m
fram the corners of the plats). Bait stations were installed and mani-
tored for one hour and contained artificial diet with different pro-
tein to carbohydrate ratios (for a detailed description see Supporting
infarmation Appendix 51). After collection, all ants were stored in
ethanal to conserve them for further analysiz. Ants were identified
uzing Czechowski, Radchenka, Czechowska, and Vepsaldinen [2012),
Radchenko and Elmes [2010), Seifert (2007), Seifert and Galkow:ski
120148), Seifert and Schultz [2007).

2.4 | Enwironmental variables

Biotic variables—Vegetation was zampled in 2015 from May to June.
In a reprezentative subplot of 4 m x4 m, all vascular plant species
wiere recorded, average vegetation height was measured, and the
coverage of herbs, shrubs, bryophytes, and litter was estimated in per-
cent. Aboveground community biomass #gram.fmq‘j'l was zampled at
the zame time by cutting the vegetation at a height of 2-3 cmin four
0.5 = 0.3 m subplots, dried, and weighed.

Abiotic variables—Each plot was equipped with a meteorological
station measuring ground temperature (°C) at ten centimeters above
the ground and zoil moisture measured in percentage of volumetric

TABLE 1 Owerview over the three study regions. Stated is the number of sampled plots, range and mean number of ant species found,
range of land-use intensity (LUI), and number of plots with different types of livestock

Ant species L
Min-Max Min-Max
Region Plots Mean (S0 Mean (S0
Al ar 0-14 046-311
5.32(5D4.31) 163 (50073}
Hainich 33 0-15 0L.65-3.05
6.39 (50 3.65) 1.52(50 0.64)
Schorfheide 40 0- 058-2.63
377 (50209 1.57 (50 0.35)

Livestock

Mone Cattle Sheep Cattle & horses
17 2 16 2

5 13 15 o

17 23 o o

Motes. Plots with no livestock are managed as meadows (mown and fertilized at different intensities)
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water content at ten centimeters depth. Temperature and maoisture
were measured continuously from May to Augustin 2014 and 2015
and then averaged over the whaole period.

2.5 | Anttraits

‘Wi measured morphological traits for each species occurring on
each plot under the binocular [Leica M163 C binacular system and
the software “Leica Application Suite’). We measured up to ten indi-
widuals from different plots for each species and used trait means for
the analyses. We measured the following traits: Webers length (mes-
osoma length), pronotum width, head length and width, femur, and
tikia length of the hind leg as well az eye width. We choze and meas-
ured traits as suggested by Parr et al. [2017) and references thersin.
For all traits, we calculated the relative values by dividing them by
‘Weber"s length and used Weber's length as absolute values.

We extracted life history traits of all ant species mostly fram
Arnan, Cerda, and Retana (2017) and partly from Seifert (2007,
2017). As traits, we used behavioral dominance, number of queens per
nest, number of nests, colony size, and aszumed nutritional niche (val-
ues for the latter are based maostly on expert knowledge by Seifert
[2017), but alzo based on former published work). Further, we used
the foraging strato, calculated from values a specific ant species is
maost likely found foraging on assumed by Seifert (2017). As a mea-
surement of the ants™ size, we used the mean Webers® length per
species. The trait data and a more detailed description of the trait
categories are provided in the Supporting information Appendix:
Tahbles 52, 53, and 54.

2.6 | Statistical analyses

Wie performed all statistical analyses using R [R Version 3.3.2 R
Development Core Team, 2014). To analyze the effect of land-use
intensity on ants, we created two generalized linear model (GLM,
with Poisson error distribution] with number of ant species as the
response varable in the first model (1) and the compound LUI and
the region as predictor variables which were allowed to interact and
the second model (2] with the three different land-use components
[mowing-, grazing-, and fertilization intensity) as predictor variable
[for n = 110 plots).

To analyze the direct and indirect effects of land use on ants,
we used a multimodel inference approach and structural equation
maodels (SEM). Since the continuous variables were measured at very
different scales, we rescaled them to zero mean and unit variance
using the “"decostand™-function of the R package "vegan® (Oksanen,
Blanchet, Kindt, Legendre, & O'Hara, 2016)L We created a first global
maodel [GM-1) (LME] with the number of ant species as response vari-
gble and the three land-use components as well as all environmen-
tal variables as predictor variables with the region as random factor
ower all plots (for n = 94). Due to missing data, we had to remove 14
plots from thiz analysiz (Alb 8 plots, Hainich 1 plot, Schorfheide 5
plots). Ta reveal possible effects of the different livestock types on
ants, we created a second global model which was similar to the first
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maodel but was restricted to only pasture and mown pasture plots
In = 41) and included the livestock type to the global model (GM-2).
We used the “dredge” function of the R package "MuMIn® (Bartdn,
2016) which generates a set of models with all possible combina-
tiens of predictor variables and weighted the models based on their
Alkaike information criteria for small samples sizes [AICc) We used
all models with a AAIC, < 2 and applied the "model.avg” function
and subsequently the “importance” function which states the rela-
tive importance values of each variable calculated as the sum of AlCc
weights over all models in which the variable appears. Using these
wariables, we fitted a piecewise structural equation model (piecewise
SEM] using the R package "piecewise5SEM" (Lefcheck, 2018] to test
for direct and indirect effects of the most important variables (all
wariables selected by model averaging) on the responsze variable. As
suggested in Lefcheck (2014), we standardized the path regression
coefficients by scaling them by mean and variance. The structure of
both SEMs iz described in the appendix. We could not perform the
geodness-of-fit test (Fisher's C test) for both of our 5EMs as they
were both fully saturated, with each path being based on a plausible
hypothesis.

To analyze the effect of land-use intensity on the number of
zampled ant nests, we created two generalized linear model (GLM,
with Poisson error distribution) with number of ant nests as re-
sponse variable and (1) the compound LU as predictor variable and
12) with the three different land-use components (mowing-, graz-
ing-. and fertilization intensity) as predictor variables (for n = 110
plots for bothl In order to study the effect of land-use intensifica-
tion on the trait space of morphological and life history traits and
to investigate which traits are affected, we performed an ardina-
tion analysiz. We grouped land-use intensities into three categories
11/3 of the LUl each—low: LUI: <1.14 (n = 29 plots), medium: LUI-
117-2.33 |n = &% plots), high: LUl = 2.34 {n = 12 plots)). Using the
function "gowdiz" in the package "FD" (Laliberté, Legendre, Shipley,
& Laliberté, 2014; Laliberté & Legendre, 2010}, we created a Gower
distance matrix form the trait data. Subseguently, a nonmetric mul-
tidimensional scaling with two axes on the Gower distance matrix
was performed using the "metaMD3" function in the R package
“wegan” (Okzanen et al., 2014). The trait data were plotted post hoc
with 1,000 permutations using the function "envit." Differences
between the trait space of the LUI categories were tested with a
PERMAMNOWA using “adoniz® function with 1,000 permutations
in = 110 plots).

3 | RESULTS

Ower all 110 plots, we found 31 ant species belonging to B genera.
‘While the regions Alb and Hainich had a similar range of species num-
bers (Table 1), the region Schorfheide was less diverse. The regions
differed in their land-uze intensity. The gradient of land-usze intensity
was broader in the Alb and Hainich in comparizon with Schorfheide
where plots were mainly managed at a medium intensity [Supporting
infarmation Figure 51).



HEUSS eT AL

3.1 | Effects of land use on ant species richness

A high land-use intensity (LUI) had a significant negative effect on
ant species richness, compared over all regions (GLM: f-_i - 83.15%;
p = 0.001, Figure 1). Among the regions, similar negative effects
were found for the Hainich (z = -4.534; p < 0.,001; Supporting infor-
mation Figure 51) and Alb [z = -7.55; p < 0.001; Supporting infor-
mation Figure 51), but not for the Schorfheide (z = 2.06; p - 0.03%;
Supporting information Figure 51) where we found positive effects.
For the three land-use categories, the effect of mowing was the
strongest [negative, GLM: ;{12 = 68.47; p « 0.001; Supporting infor-
mation Figure 52, followed by grazing [negative, GLM: I._E = 2405
p < 0.001; Supporting information Figure 52). Fertilization had no
significant effect [GLM: 112 = 0.17; p = 0.68; Supporting information
Figure 52

3.2 | Effects of environmental variables and land-
use components on ant species richness

The first multimodel averaging approach revealed that seven of
the twelve predictor variables [GM-1] were important for explain-
ing ant species richness (Table 2a). The piecewise SEM on the driv-
ers of ant species richness (Figure 2a) showed that a high mowing
intensity (j = -2.15, standardized coefficient) and a high grazing
intensity (p = -0.67, standardized coefficient) had direct negative
effects. In addition, a high zoil moisture had direct negative effects
on ant species richness (f = —-0.10, standardized coefficient). High
mowing and grazing intensities had negative effects on plant spe-
cies richness.

The second multimodel averaging approach (GM-2; only plots
with livestock) revealed that sin of the thirteen wvariables used

were important for explaining ant species richness [Table 2b). The
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FIGURE 1 Ant species richness along the land-use intensity
gradient in the three study regions over all plots (n = 110). The
black line represents the exponential function of a GLM for species
number and imcreasing land-use intensity. The gray area represents
the 95% confidence interval
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piecewize 5EM (Figure 2b) showed the effect of land use including
livestock type [compared with cattle as livestock) on ant species
richness. In contrast to grazing with cattle, grazing by sheep had sig-
nificant positive effects on ant species richneszs [ = 1.11, standard-
ized coefficient). The mowing and fertilization intensity had indirect
effects by influencing zoil moisture, which had a negative effect an
ant species richness (p = -0.13, standardized coefficient].

3.3 | Effects of land use on ant species compositi ons

Land-use intensity strongly impacted the occurrences of the differ-
ent species (Figure 3. Very common species [based on number of
plots where these species occurred on) with high tolerance to dif-
ferent levels of land-uze intensity were, for example, Lasius niger,
Myrmica rubra, and M. scabrinedis. Other common species, like
Formica rufibarbis, F. cunicularia, or F. clara, were rarely found on
plots with high land-use intensity. Among the less common species,
Myrmica gallienii or Tetramerium caespitum showed higher tolerances
to high land-use intensity than for instance, Lasius paralienus or
Formica sanguwinea. The rarest species occurred mostly in low-inten-
sity managed plots.

Since mowing was the land-use practice with the strongest neg-
ative effect on ant species richness, we additionally plotted the spe-
cies occurrences along the number of cuts per year. Thiz revealed
that most Formica species and Lasius flovus were highly sensitive to-
wiard mowing while Lasius niger and most Myrmica species tolerated
higher mowing intensities [Figure 4).

Ant abundance measured as the number of nests per plot was
significantly negatively influenced by increased land-usze (GLM:
1‘1: =929 p<0.002 Supporting information Figures 53, 54)
Separately analyzed for the three land-use categories, we did not
find significant effects for mowing [GLM: 112 - 2.32; p =013}, graz-
ing [GLM: y,°=0.08; p=0.78] and fertilization (GLM: y, = 2.2%
p=013)

Land-uze intensity also affected the functional trait space of
ant communities. Overall, ant community functional trait space of
marphological traits (PERMANOVA: Fy = 0.33, p = 0.72, Figure 3a)
and life history traits (PERMANOVA: F; = 0.34, p = 0.78) did not
change significantly among plots managed at low, medium, and
high land-uze intensities. However, functional trait space for life
history traits decreased strongly with increasing management in-
tenzity (Figure 5b). At high management intensities, species com-
munities consist of species which foraged less in higher vegetation
and had smaller and less polydomous colonies [Figure 5b). The mor-
phalogical trait space did not differ between land-use intensities,
since several species of the genera Formica, Lasius, and Myrmica
occurred occasionally even at high intensities.

4 | DISCUSSION

We found a decrease in ant species richness, number of ant nests,
functional trait space (life history traits), and a change of ant
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TABLE 2 Results of the multimodel averaging approach for ant species richness [a) for all plots (n = 98] and (b) for all plots with livestock
[n = &69)

{a) Variable Importance (%) M-containing models  (b) Variable Importance (%) M-containing models
Mowing intensity 100 & Liwestock 100 &
Grazing intensity 100 & Soil moisture 100 &
Sl moisture 100 L] Mowing intensity 71 4
Plant species richness a7 4 Fertilization intensity 43 3
‘Wegetation height 61 4 Cover shrubs b 2
Cower litter 28 2 (Grazing intensity 15 1
Cover shrubs 11 1
(=) | Grazing intensity | | Mowing intensity | | Fertilization intensity
{
|" 0.3 -01.24
i
[-o2s | [-027 ] |04 |
T
{
o - ; '
Soil moisture Cowver liter | | Cowver shrubs Plant species Vegetation height

Ri=02

R=02 m Rt=0.14 R=0.1 i richness
F - - Ri=D3

= —
{ .19 f

0.43
Mumber of
ant species
RI=0.54

(b}

Soil moisture Catile and horse
RE=10.26
L
049
(irazing ntensity | | Mowing intensity | | Fertilization intensity

FIGURE 2 Piecewize structural equation model showing direct and indirect effects of land use and environmental parameters on ant
species richness () over all sampled plots (n = 94) and [b] only on pastures and mown pastures with the livestock type included (n = 41).
Arrows represent significant (p < 0.03) unidirectional interactions between variables [black show positive, red negative interactions). We
report the significant path coefficients as standardized effect sizes next to the arrows (all effect sizes are shown in Supporting information
Table 53). B values for co mponent models are given in the boxes of their responsze variables

community composition with increasing land-use intensity. Thase 41 | Effects of land use on ant SDE{iE‘S richness
nagative effects were found for the regions Hainich and Alb, but not :
at the Schorfheide, where zampled grassland sites had a relatively When comparing the three management practices, only mow-

narrow range of management intensities and ant species richness. ing and grazing had significant, negative effects on ant species
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richness. The way in which mowing influences temperate ant
communities is not well understood simce former studies have
focused on the time of mowing (Grill, Cleary, Stettmer, Brau, &
Settele, 2008; Kordsi et al, 2014) rather than on mowing inten-
sity. For example, Dahms, Wellstein, Wolters, and Dauber (2003)
found no effect of low-intensity mowing [ance or twice per year)
compared with other low-intensity management types (mown
pastures, cattle pastures, and silage meadow). Megative effects of
intensive mowing were also found on the taxonomic richness of
other groups including plants, fungi, arthropods, and wvertebrates
and overall herbivary (i.e., insects and slugs; Gossner, Weiszer, &
Meyer, 2014) and caused a decrease of mainly rare species in mul-
tiple arthropod taxa (Simons et al, 2015). The tremendous nega-
tive effect of mowing on ants becomes particularly clear by looking
at the mean number of species per plot. Unmown plots had a mean
species richness of 7.1 species, but the number decreazed at plots
mown once (4.1 species], twice (2.6 species), and three times per
year (2.7 species). In our study, we found that ant species which
are directly threatened by mowing were mainly species which build
gboveground nests such as most Formica species and Lasius flavus.
These species build large nests as "heat collectors® in which the
brood iz transferred for optimal larval growth (Penick & Tachinkel,
2008). The destruction of these nests through mowing with ma-
chines can lead to a significant loss of brood and workers. Further,
simce many species start their mating flights in June (Seifert, 2007),
mawing in late spring or early summer can reduce the number of
gueens and males dramatically.

Effects of grazing on ants depended on grazing intensity as
well az livestock type. High grazing intensity affected ant spe-
cies richness negatively. However, in the present study pastures
grazed at high intensity were only stocked with cattle. In com-
parizon, grazing by sheep or cattle pastures with a low grazing
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intenzity due to a short grazing duration and a low number of
livestock showed a significantly higher ant species richness. Qur
study thus corrobarates the findings of other studies where graz-
ing by sheep had positive effects on ant abundance and biomass
(Hutchinson & King, 1980] as well as other arthropoads (Dennis et
al., 2008; 5imons et al., 2014; review: Scohier & Dumont, 2012).
These positive effects may be mediated by higher habitat hetero-
geneity (Hoffmann & James, 2011) and a higher number of vascu-
lar plant species (Socher et al,, 2013) on pastures grazed by sheep
and generally pastures grazed at low intensity. Plamt species
richness is decreazed on intensively managed, frequently mown
plots which hawve higher percentages of fast-growing plant species
(Socher et al., 2013), resulting in an increased average vegetation
height.

Fertilization intensity only had an indirect effect on ants by alber-
ing plant communities. Mitrogen increases the plant growth, favaring
ezpecially fast-growing plant species [Socher et al., 2013), decreas-
ing the sun exposure of the soil surface, and resulting in a higher soil
mgisture. This had a strong negative effect on ant species richness in
our study sites, corroborating previous studies (Dahms et al., 2005;
Pérez-Sanchez et al., 2017; Seifert, 2017].

Temperate ant species are thermophilez and prefer warm and
dry habitats (Sanders, Lessard, Fitzpatrick, & Dunn, 2007) with a
rather small range of soil moisture tolerated by most species [Seifert,
2017 However, the (ground) temperature was not among the most
important variables in our analyses. This can be explained by the
low temperature range among the plets (85% of plots had an aver-
age ground temperature between 14 and 1B°C). Furthermore, the
temperature measurement of ten centimeters above the ground
might not directly represent the warm temperatures on sun-ex-
posed ground. But since soil moisture and sun exposure should be
correlated with each other, we assume that plots with a high soil
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FIGURE 5 Ordination plot showing the trait space covered by ant species occurring under low, medium, and high land-use intensity
[different colors gray, red, and blue dots, respectively). For each, a nonmetric multidimensional scaling (MMD5) was conducted based ona
Gower distance matrix. (a) Plot iz based on morphological traits. Used morphalogical traits are as follows: Webers™ length [wi), relative leg
length [relll}, relative pronotum width (rel.pw), relative head width (rel.hw), relative head length (rel.hl], relative eye width (rel. ew). [b] Plotis
based on life history species traits. Used trait walues are as follows: strata species is most likely to be found foraging (strata forage), assumed
percentage animal diet of total food intake [zoopha), assumed percentage of nectar diet of total food intake (nectar), assumed percentage
trophobiosis-based diet of total food intake (tropho), assumed percentage plant based diet of total food intake (plant), Webers length [wl),
colany size In transformed (cs), behavioral dominance {[dom), number of queens per nest (nQ), number of nests per colony (M), colony

foundation type (cft)

maoisture also have a lower ground temperature. Indeed, across
Central Europe, Seifert [(2017) found the highest average number
of species in warm graszland with a good soil drainage (zee also
Dekoninck, Koninck, Baugnée, and Maelfait (2007)) and fewer ant

species in more humid meadows or pastures.

Among the three study regions, the grassland plots in Schorfheide

had the lowest mean soil moisture. However, overall species rich-

ness was relatively low in this region and decreased strongly with

increasing soil moisture. Pastures in the Schorfheide were never

grazed by sheep, which was where high ant species richness was
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found in the Alb and Hainich. Recently, Grevé et al. [2018) showed
that forest plots at the Schorfheide are rather dry and species-rich,
which implies a potentially large regional species pool. This suggests
that a potential increase of ant species richness in grassland plots
could be achieved by a change in the grassland management, shifting
from cattle to sheep pastures.

4.2 | Effects of land use on functional trait
space and ant community compositions

The functional trait space of ant communities decreazed with in-
creasing land-use intensity. At high land-use intensities, 14 of 31
species were abzent and most others, such as Formica species,
occurred only accasionally. The most common species on high-in-
tensity plots were L niger, M. rubra, and M. scabriondis which are
widespread, very common in temperate grasslands, and known to
be rather unaffected by grassland management (Dauber & Waolters,
2004, 2005; Grill et al., 2008; Seifert, 2017). Species disappearing
first under increasing land-use intensity are open habitat specialists
like Tapinoma erraticum and T. subboreale or the three species of the
Lasius poralienus-complex: L. alienus, L. parafienus, and L. psammo-
philus, which reguire warm habitats with reduced plant cower such
as nutrient-poar grasslands or sheep pastures (Seifert, 2007, 2017).
Species communities in grasslands managed at high intensities,
lacked species forming large and polydomous colonies or forag-
ing higher up in the vegetation. Ezpecially the meadow ant Fermica
pratensis, a key species im temperate European grasslands appears
to be highly vulnerable. This species forms large, polydomous nests
and is found primarily in grasslands with at least some woody plants
[Seifert, 2007). High land-use intensities, and in particular a high
mowing frequency, diminizh the required structural and plant di-
wersity in grasslands for such species and additionally lead to the
destruction of nests.

Ant species living in intensively used grasslands must be dis-
turbance-resistant, euryoecious and able to tolerate large climatic
wariations as the ground temperature increases, and soil humidity
declines rapidly after mowing [Seifert & Pannier 2007). Beside L
niger, different Myrmica species can tolerate these climatic varia-
tions. Species of this genus can often tolerate dry and wet condi-
tions and are dietary generalists (Radchenko & Elmes, 2010; Seifert,
2017). Myrmica species showed the highest tolerance to mowing, as
these species build nests with a rather small nest mound and a larger
part of the nest being underground (Radchenko & Elmes, 2010,
making them less affected by mowing. Howewver, in contrast to other
genera like Formica and Lasius, Myrmica species are rather similar in
shape and lifestyle, which rezults in a low functional trait space.

5 | CONCLUSIONS

To our knowledge, this iz the first study analyzing the effect of
land usze in grasslands from low to high intensity, covering a large
number of grassland plots and disentangling the effect of different
management types (mowing, grazing and fertilization). Increasing
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land-use intensity reduced the number of ant species and the
number of {aboveground) nestz. In addition, it led to & reduced
functional diversity and caused species community homageniza-
tion. Therefore, we can show a similar rezponse of ants to higher
land-use intensities az shown for multiple other groups such as
plants, herbivores, secondary and tertiary comsumers, and as
such, all parts of the trophic pyramid of the grassland ecosystem
(Gassner et al., 2014). To preserve species-rich grassland ant com-
munities, we highly recommend reducing grassland management
intensity, especially the number of mowing events per year. A
transformation of nutrient-rich meadows with a low plant species
richness and high soil moisture toward a nutrient-poor pasture
with a higher diversity of plant species would be beneficial for ant
species. Particularly low management intensities, as provided by
sheep grazing, are a suitable method to increase habitat hetero-
geneity and maintain and fulfill the demands of specialized open
habitat ant species.
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Detailed description of the three study areas

The biosphere reserve Schwibische Alb is located in the low mountain ranges of south-
west Germany (48°43°N 9°37°E; 6-7 °C mean annual temperature, 700-1000 mm mean annual
rainfall, elevation of 460-860 m a.s.l., and a spatial extent of 420 km?). The national park of
Hainch-Diin and its surrounding areas is located in central Germany (51°20°N 124 10°41’E,
6.5-8°C, 500-800 mm, 285-550 m a.s.1., 1300 km?). The biosphere reserve Schorfheide-Chorin
is situated in the lowlands of north-eastern Germany in a young glacial landscape with many
wetlands (53°02°N 13°83’E, 8-8.5 °C, 500-600 mm, 3-140 m a.s.l., 1300 km?). The study areas

have a latitudinal distance of around 600 km between Alb and Schorfheide

Detailed description of pitfall trap sampling

Three pitfalls were placed on each side of the plot at 12.5 m, 25 m, and 37.5 m from the
corner. As pitfalls, plastic cups (@ = 70 mm) were placed in the soil with the opening at surface
level and filled with a solution of water, salt, and soap (200 g salt, 1 ml soap per liter water).

Pitfalls were collected on the third day after installation.

Detailed description of baiting

Four bait stations were placed on each side at 7,5 m, 17,5 m, 32,5 m and 42,5 m from the
corners. As baiting station we used petri dishes (@ = 90 mm) with a round filter paper and
placed five baits made from an artificial diet (based on whey protein, caseinate, egg powder,
sucrose, agar, and water, Table S1) on each filter paper that contained different protein to
carbohydrate ratios (1:1, 1:2.5, 1:5, 1:7.5 and 1:10; protein:carbohydrate) to attract all ants
feeding on different food sources. Baits were comprised of whey and casein protein as protein
source and sucrose and carbohydrate source dissolved in water and gelled with agar to produce
homogenous cubes of approximately 1 cm®. We counted all ants at these baiting stations 30

minutes and 60 minutes after placing them in the field.
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Table S1. Artificial diet used for bait stations

Propor- Whey Caseinat (g) Egg Succrose Vitamines Benzoat  Agar(g) Water (ml)
tion P:C protein (g) () () (2)
powder (g)

1:1 335 30.52 11 60.0 2 1 8 600

1:2.5 17.82 16.24 11 85.71 2 1 8 600

1:5 9.11 83 11 100.0 2 1 8 600

1:7.5 5.52 5.03 11 105.88 2 1 8 600

1:10 3.57 3.25 11 109.09 2 1 8 600

Detailed description of SEMs

To analyze all direct and indirect effects of land-use components and environmental

variables, which were found to be affecting ant species richness, we used structural equation

modeling. First for all sampled plots (n=96) and second for only grazed plots (n=61) to analyze

the effects of different livestock types separately. The region was used as random effect. The

structure of each linear model within the SEM is: LME (response variable ~ all possible

predictor variables added up by +, region as random effect)

Structure of the first SEM over all 96 plots:

SEM 1= (

Ime (Number of ant species ~ Mowing intensity + Fertilisation intensity + Grazing

intensity + Soil moisture + Number of vascular plants + Mean vegetation height (cm) +

Cover of litter (%) + Cover of shrubs (%), random = ~ 1 | Region),

Ime (Number of vascular plants ~ Mowing intensity + Fertilisation intensity + Grazing

intensity + Soil moisture + Cover of litter (%) + Cover of shrubs (%), random = ~ 1 |

Region),

Ime (Mean vegetation height (cm) ~ Mowing intensity + Fertilisation intensity +

Grazing intensity + Soil moisture + Number of vascular plants + Cover of litter (%) +

Cover of shrubs (%), random = ~ 1 | Region),
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Ime (Cover of litter (%) ~ Mowing intensity + Fertilisation intensity + Grazing intensity
+ Soil moisture + Number of vascular plants + Mean vegetation height (cm) + Cover
of shrubs (%), random = ~ 1 | Region),

Ime (Soil moisture ~ Mowing intensity + Fertilisation intensity + Grazing intensity
+Number of vascular plants + Mean vegetation height (cm)+ Cover of litter (%)+ Cover
of shrubs (%), random = ~ 1 | Region),

Ime (Cover of shrubs (%) ~ Mowing intensity + Fertilisation intensity + Grazing

intensity + Soil moisture, random = ~ 1 | Region))

Structure of the second SEM including only pasture- and mown pasture-plots.

SEM2 = (
Ime (Number of ant species ~ Soil moisture + Livestock type + Mowing intensity +
Fertilisation intensity + Cover of shrubs (%) + Grazing intensity + pH, random = ~ 1 |
Region),
Ime (Soil moisture ~ Livestock type + Mowing intensity + Fertilisation intensity + Cover
of shrubs (%)+ Grazing intensity, random = ~ 1 | Region),
Ime (Cover of shrubs (%)~ Soil moisture + Livestock type + Mowing intensity +

Fertilisation intensity + Grazing intensity, random = ~ 1 | Region))
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Table S2. Ant species found in Alb, Hanich and Schorfheide with the trait values used for the calculation
of FDrg. Trait information marked with * are taken from Seifert (2007, 2017) and marked with + are
taken from Arnan et al. (2017). Abbreviations: strata forage, vertical strata where species is most likely
to be found foraging (calculation and trait data see Table S3); zoopha, assumed percentage animal diet
of total food intake; nectar, assumed percentage of nectar diet of total food intake; tropho, assumed
percentage trophobiosis based diet of total food intake; plant, assumed percentage plant based diet of
total food intake; WL = Weber’s length; CS =colony size In transformed; Dom = behavioral dominance,
nQ = number of queens per nest, nN = number of nests per colony; CFT= colony foundation type. Data
type and additional information on the traits are provided in Table S3.

Species Zoopha* Nectar* Tropho* Plant WL  Dom+* CS+* nQ+* nN+* CFT+* Strata forage*
part*

Campanotus 0.27 0.05 0.63 0.05 383 1 7.82 0.5 0 1 1.99

ligniperda

Formica clara 0.6 0.05 0.29 0.06 226 1 8.52 0 0 1 0.93

Formica 0.58 0.05 0.32 0.05 1.92 0 7.24 0 0.5 1 1.05

cunicularia

Formica fusca 0.5 0.1 0.35 0.05 195 0 9.1 1 1 1 1.08

Formica 0.14 0.02 0.55 0.02 271 1 11 1 1 0 0.97

pratensis

Formica 0.59 0.05 0.31 0.05 227 0 6.91 0 0 1 1.04

rufibarbis

Formica 0.48 0.02 0.48 0.02 261 1 9.21 0.5 0 0.5 1.24

sanguinea

Lasius alienus  0.39 0.18 0.37 0.06 1.15 1 9.47 0 0 1 0.76

Lasius 0.45 0.05 0.44 0.06 132 1 9.21 0 1.49

emarginatus

Lasius flavus 0.2 0 0.8 0 132 0 9.21 0.5 0 1 -2.08

Lasius myops 0.2 0 0.8 0 085 O 8.52 0 0 1 -2.08

Lasius niger 0.34 0.05 0.56 0.05 123 1 9.21 0 1 1.05

Lasius 0.39 0.19 0.36 0.06 .11 1 9.21 0 1 0.76

paralienus

Lasius 0.35 0.14 0.5 0.01 1.0 0 1043 0 1 1 0.53

psammophilus

Lasius 0.2 0 0.8 0 132 0 8.01 0.5 0 0 -2.08

umbratus

Myrmecina 0.99 0 0 0.01 095 O 4.61 0.5 0 0 -1.36

graminicola

Myrmica 0.56 0.04 0.35 0.05 145 1 6.68 0 0 1 0.12

curvithorax

Myrmica 0.6 0.06 0.32 0.02 1.61 1 6.72 1 0 1 0.27

gallienii

Myrmica 0.72 0.04 0.2 0.04 1.53 0 5.63 0.5 0 0.5 -0.26

lobicornis

Myrmica lonae 0.54 0.04 0.35 0.07 151 0 8.01 1 0 0.5 0.42

Myrmica rubra 0.48 0.05 0.37 0.1 1.51 0 8.01 1 1 0.5 0.66

Myrmica 0.53 0.02 0.3 0.15 1.69 0 7.6 0.5 0 0.5 0.77

ruginodis

Myrmica 0.64 0.08 0.25 0.03 145 0 7.6 1 1 0.5 0.13

rugulosa

Myrmica 0.51 0.07 0.37 0.05 146 0 8.01 1 0 0.5 0.54

sabuleti

Myrmica 0.51 0.06 0.4 0.03 143 0 7.31 0.5 0 0.5 0.34

scabrinodis
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Myrmica
schenki
Myrmica
specioides
Tapinoma
erraticum
Tapinoma
subboreale
Temnothorax
unifasciatum
Tetramorium
caespitum

0.58

0.51

0.6

0.6

0.8

0.26

0.1 0.27
0.05 0.41
0.13 0.2
0.13 0.2
0.15 0.05
0.04 0.35

0.05 1.57 0 5.87 0.5 0 0.5 0.29
0.03 1.37 0 7.31 1 0 0.5 0.22
0.07 096 1 8.16 1 1 0 0.95
0.07 0.88 0 NA 1 1 0 0.95
072 0 5.78 0 0 1 0.8
0.35 094 1 9.21 0 0 1 -0.73

Table S3. Description of the different traits for the calculation of the life history trait analyses

Trait Data type States
CS Continuous Mean colony size (log transformed)
WL Continuous Mean Weber’s length of worker (mm)
Continuous Assumed relative percentage of animal-, nectar-,
Z.00, Nectar, .. .
Troph, and Plant trophobiosis- or plant-based diet. All summed to 100 %.
’ Values are partly assumed by Seifert (2017), but also
based on very detailed food analyses*
Dom Binary (0) Subordinate; (1) Dominant
nQ Ordinal (0) Monogyny; (0.5) Monogyny or polygyny; (1)
Polygyny
nN Ordinal (0) Monodomy; (0.5) Monodomy or polydomy; (1)
Polydomy
CFT Ordinal (0) Dependent colony founding; (0.5) Dependent and
independent colony founding; (1) Independent colony
founding
Strata.forage Continuous Positive values for higher probability of species found

foraging above ground, negative values for foraging
under the surface.

Arnan, X., Cerdd, X., & Retana, J. (2017). Relationships among taxonomic, functional, and

phylogenetic ant diversity across the biogeographic regions of Europe. Ecography, 40(3), 448—457.

https://doi.org/10.1111/ecog.01938

Seifert, B. (2017). The ecology of Central European non-arboreal ants — 37 years of a broad-spectrum

analysis under permanent taxonomic control. Soil Organisms, 89(April), 1-67.



Table S4. Foraging strata calculated as the sum of the probability of worker to forage in
different vertical strata, where the value for each strata is multiplied by a specific factor, based
on predictions of Seifert (2017). Deep soil - foraging in deeper soil at depths of at least 10 cm;
top soil - foraging in top soil including the root layer of herbs in depths < 10 cm; moss litter-
foraging in the moss and litter layer; free surf = foraging on free, above-ground surfaces except
of those on herbs, shrubs and trees; herb = foraging in the herb layer; shrub tree =foraging on
shrubs and trees, higher than 2 meters.

deep soil  top soil moss litter  free surf herb shrub tree

(multiplied (multiplied (multiplied (multiplied (multiplied (multiplied
Species Strata.forage by -3) by -2) by -1) by 1) by 2) by 3)
Campanotus ligniperda 1.99 0.03 0.06 0.01 0.21 0.07 0.62
Formica clara 0.93 0.01 0.09 0.03 0.6 0.24 0.03
Formica cunicularia 1.05 0.01 0.11 0.02 0.45 0.36 0.05
Formica fusca 1.08 0.01 0.14 0.05 0.33 0.3 0.17
Formica pratensis 0.97 0.01 0.15 0.03 0.45 0.2 0.16
Formica rufibarbis 1.04 0.01 0.1 0.02 0.5 0.32 0.05
Formica sanguinea 1.24 0.01 0.1 0.02 0.53 0.09 0.26
Lasius alienus 0.76 0.03 0.22 0.04 0.31 0.18 0.22
Lasius emarginatus 1.49 0.01 0.07 0.03 0.4 0.18 0.31
Lasius flavus -2.08 0.16 0.78 0.05 0.01 0 0
Lasius myops -2.08 0.16 0.78 0.05 0.01 0 0
Lasius niger 1.05 0.02 0.16 0.04 0.34 0.19 0.25
Lasius paralienus 0.76 0.03 0.22 0.04 0.31 0.18 0.22
Lasius psammophilus 0.53 0.04 0.29 0.04 0.21 0.2 0.22
Lasius umbratus -2.08 0.16 0.78 0.05 0.01 0 0
Myrmecina
graminicola -1.36 0.05 0.36 0.54 0.05 0 0
Myrmica curvithorax 0.12 0.02 0.25 0.1 0.48 0.15 0
Myrmica gallienii 0.27 0.01 0.18 0.23 0.32 0.21 0.05
Myrmica lobicornis -0.26 0.02 0.15 0.39 0.39 0.05 0
Myrmica lonae 0.42 0.02 0.1 0.26 0.37 0.18 0.07
Myrmica rubra 0.66 0.02 0.15 0.19 0.26 0.19 0.19
Myrmica ruginodis 0.77 0.01 0.15 0.18 0.26 0.18 0.22
Myrmica rugulosa 0.13 0.02 0.17 0.19 0.52 0.1 0
Myrmica sabuleti 0.54 0.02 0.1 0.21 0.4 0.2 0.07
Myrmica scabrinodis 0.34 0.02 0.18 0.15 0.42 0.2 0.03
Myrmica schencki 0.29 0.02 0.15 0.2 0.41 0.22 0
Myrmica specioides 0.22 0.02 0.18 0.18 0.42 0.2 0
Tapinoma erraticum 0.95 0 0.09 0.1 0.4 0.4 0.01
Tapinoma subboreale 0.95 0 0.09 0.1 0.4 0.4 0.01
Temnothorax
unifasciatum 0.8 0 0.06 0.24 0.24 0.46 0
Tetramorium caespitum -0.73 0.17 0.34 0.03 0.43 0.03
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Table S5. Path coefficients (and standard error (SE)) of all unidirectional relationships among variables
of both piecewise SEM, shown in Fig. 2a and 2b. Significance: p< 0.05: *; p< 0.01: ** p< 0.001: ***

First SEM over all 96 plots:

Response
Number of ant species

Plant species richness

Vegetation height

Cover litter

Soil Moisture

Cover shrubs

Second SEM including only pasture- and mown plots:

Number of ant species

Predictor

Mowing intensity
Soil moisture
Grazing intensity
Vegetation height
Cover litter

Cover shrubs

Plant species richness
Fertilization intensity
Cover shrubs
Fertilization intensity
Mowing intensity
Soil moisture
Grazing intensity
Cover litter

Plant species richness
Soil moisture
Mowing intensity
Cover litter

Cover shrubs
Grazing intensity
Fertilization intensity
Soil moisture
Vegetation height
Fertilization intensity
Grazing intensity
Mowing intensity
Cover shrubs

Plant species richness
Plant species richness
Cover litter
Vegetation height
Fertilization intensity
Grazing intensity
Cover shrubs
Mowing intensity
Mowing intensity
Grazing intensity
Soil moisture
Fertilization intensity

Sheep

Soil moisture
Mowing intensity
Cover shrubs
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Coefficient
-0.52
-0.28
-0.25
-0.18
0.14
0.08
0.10
-0.06
0.28
-0.24
-0.28
-0.17
-0.17
-0.03
-0.28
-0.19
0.26
0.17
-0.08
0.06
0.00
0.19
0.16
-0.14
-0.14
0.14
0.04
0.01
-0.36
0.31
-0.28
-0.17
-0.16
0.05
0.07
-0.40
-0.27
0.02
0.02

1.11
-0.32
-0.23
0.11

SE
0.12
0.08
0.10
0.11
0.11
0.08
0.11
0.10
0.07
0.09
0.11
0.08
0.09
0.10
0.11
0.08
0.12
0.11
0.08
0.10
0.10
0.08
0.10
0.09
0.09
0.12
0.08
0.11
0.14
0.13
0.13
0.12
0.12
0.11
0.15
0.15
0.12
0.11
0.12

0.25
0.11
0.14
0.09

P-value
<0.001
0.002
0.012
0.088
0.208
0.349
0.390
0.514
<0.001
0.009
0.013
0.031
0.063
0.736
0.012
0.026
0.031
0.118
0.322
0.543
0.994
0.021
0.117
0.128
0.141
0.222
0.628
0.900
0.011
0.023
0.035
0.165
0.201
0.635
0.664
0.007
0.036
0.818
0.882

<0.001
0.004
0.111
0.243

Significance
skskok

ek

*

seskosk

ek

ke

ek

ek



Fertilization intensity -0.10 0.12 0.372

Grazing intensity -0.09 0.11 0.427
Cattle and horses -0.03 0.58 0.961
Soil Moisture Mowing intensity 0.49 0.17 0.006  **
Fertilization intensity -0.35 0.14 0.019 =
Cattle and horses 1.62 0.71 0.027 *
Sheep 0.65 0.31 0.042 *
Cover shrubs 0.08 0.12 0.536
Grazing intensity -0.01 0.15 0.969
Cover shrubs Sheep 0.38 0.32 0.245
Mowing intensity -0.22 0.19 0.249
Grazing intensity -0.17 0.16 0.304
Soil moisture 0.10 0.15 0.502
Cattle and horses -0.08 0.80 0.924
Fertilization intensity 0.00 0.17 0.985
Alb Hainich Schorfheide
154 .

104

Number of ant species

04

T T
0 1 2 3 0 l 2 3
Land-use intensity

Fig. S1. Number of collected ant species along the land-use gradient for each of the three study
regions.The black lines represent the exponential function of a GLM for species number and

increasing land-use intensity. The grey areas represent the 95 % confidence intervals.
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Fig. S2. Effects of mowing (a), grazing (b) and fertilization (c) intensity on number of ant

species, grey for Alb, blue for Hainich and red for Schorfheide. The black line represents the
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exponential function of a GLM for species number and the land-use type. The grey areas

represent the 95 % confidence intervals.
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Fig. S3. The number of ant nests (in total 503 nests on 62 plots) in dependence of land-use

intensity between the different regions over all plots (n= 110), The black line represents the

exponential function of a GLM for number of ant nests and increasing land-use intensity. The

grey area represents the 95 % confidence interval.
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Formica clara
Formica pratensis
Formica rufibarbis

Lasius flavis 1

Lasius paralienus 1
Lasius umbratus 1

Myrmica curvithorax 1

Lasius niger 1 | I
Myrmica rubra- |

Myrmica sabuleti-

Myrmica scabrinodis

Myrmica schenki-
Tapinoma erractium A

Tetramorium caespitum A

O —_—— e
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Cuts per year

Fig. S4. Boxplot showing the occurrence of visually detected ant nests per species in the three regions

along the number of cuts per year, alphabetically ordered. Black dots represent outliers.
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Abstract. Human management of ecosystems can have direct or indirect effects on spedes commumities.
How spedes communities are affected by management is a key question in ecology and nature conservation
As keystone taxon, changes in ant commumities an have sustained consequences for entire ecosystema. In
forests, management has been shown to have an overall negative effect on ant communities in tropical and a
positive effect in boreal forests. However, in temperate forests, it is unclear what components of forest man-
agement affect ant communities and how: This study explomes the diredt and indiredt effects of fiorest manage-
ment on the taxonomic and fmctional diversity of ant communities in 150 temperate forest stands in three
egions in Germany. Using 2 multi-model inference approach and structural equation models, we analyzed
the effects of 18 variables, inchuding variables of forest management, forest stracture, arthmpod diversity, and
biomass, as well as abiotic factors, on ant spedes richness, abundance, and fundional trait diversity (Rao's ()
based on morphological (FDy,) and life-history traits (FDy ). In total, we found 28 ant spedes ooourring on
120 plots. Main direct effects of forest management on ant abundance and spedes richness were caused by
tree spedes selection, measured as dominant tree species. The main positive indirect effect was mediated by a
reduced canopy cover with an increasing proportion of oak and pine, resulting in a higher temperature
amplitude. Due to the low number of species in two regions, we analyzed functional diversity for the most
ant spedes diverse region only. FDy ;3 was affected positively by tree harvesting and negatively by structural
complexity. Fly, showed no response to forest management, potentially due to the low morphological diver-
sity of temperate forest ants. Our results show that forest management practices in temperate forests stronghy
impact ant community structure. This can be beneficial for ants if management reduces the anopy cover,
dther by tree harvesting or by changing the tree spedes composition toward shade-intolerant tree spedes. To
promaote ant diversity as key taxon for maintaining ecosystem processes in forest ecosystems, we suggest to
integrate forest stands with more open and warmer conditions in futi e management strategies.

Key words: arthropods canopy cover; funchonal diversity; land-use imtersity; life-history; management strategies;
microchimabe; species traits.
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INTRODUCTION leading t©o local species loss (alpha diversity;
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Land-use and management intersification is a communities (loss of beta diversity; Gossner
major threat to biodiversity (Allan et al. 2014), etal 2016) across trophic levels. In the
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predominantly cultural landscapes of Europe,
grasslands, croplands, and forests ane the main
land-use types which are managed at different
intensities (Fischer et al. 2010). In temperate
European managed forests which cover mone
than 30% of the European land surface, native
broad-leaved forests have partly been replaced
by more productive conmifer forests which also
comprise shorter rotabion cyvcles (Ruther and
Walentowski 2008). This contributed t© a
decrease in species richness across multiple taxa
(Paillet et al. 2010, Buse 312} and to changes in
structural and functional composition of arthro-
pod communities (Finch and Szumelda 2007,
Pohl et al. 2007, Gossner et al. 2013).

Traditionally, the major forest management
systemn in Central Europe has been even-aged
forestry (Fischer et al. 2010, Schall et al. 20184).
Resulting stands generally lack  within-stand
vanability in tree age (low horizontal and vert-
cal heterogeneity) and show low free species
diversity in comparson with natural and natu-
rally regenerated forests (but see Commarmot
et al. 2005, 3013). Reduced habitat heterogeneity
is thought to negatively affect local biodiversity,
in particular when tree species that do not natu-
rally occur on a parhicular site (Le, spruce or
pine) wenz used (Chaudhary et al. 2016). There-
fore, uneven-aged forests, showing high within-
stand heterogeneity, are increasingly promoted
mn  EBurope. Moreover, admixing additional
broad-leaved tree species, especially in conifer
forests, is sugpested o increase habitat hebero-
geneity and thus biodiversity in even-aged for-
ests (Jakel and Roth 2004). However, their
positive  effects on biodiversity have recently
been questioned (Schall et al. 2018a).

Ants are keystone species in most ternestrial
ecosystem (Folgarait 1998) and, in many cases,
have been shown to mespond to land-manage-
ment practces (Underwood and Fisher 2006).
Ants are sensitive D varous types of forest man-
agement and disturbance (Vasconcelos 1999,
Maeto and Sato 2004, Palladini et al. 2007, Ewers
et al. A115). While in tropical forests, disturbance
or past forest management usually results in less
diverse ant commumites (Bilm et al. 20010), the
impact of forest management in boreal and tem-
perate forests 15 less clear but can increase ant
abundance and diversity at a moderate manage-
ment  intensity  as shown for bormeal forests
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(Punttila et al. 1994, Palladini et al. 2007, Véle
et al. A16). More intensive management mea
sures such as clear<cutting can be detrimental to
species if, for example, the food web is impaired
(Sorvar and Hakkarainen 2007, 2008). In addi-
tiom, abiotic Bactors affect ant communities. War-
mer sibes—that are usually more open—harbor
mome species than colder sites (Sanders et al.
2007), making temperatune a good predictor for
species fchness across habitats (Del Toro 2013,
Seifert 20117). Forest management can affect local
microclimate by opening the canopy and thus
increasing tem peratunes at the forest floor. This
has been shown o increase ant abundances and
ant speces richness in managed or recovenng
forests (Punttila et al. 1994, Palladini et al. 2007,
Graham et al. 2009). Like i other insects, devel-
opment time of ants is faster with increasing tem-
peratures (Kipyatkov and Lopatina 2015) and,
especially in temperate and boreal regions,
higher temperatures may thus resultin faster col-
ony growth,

An overall beterogeneous habitat provides
both nest-site opportunities and suitable micro-
habitats (Kaspari 1996, Niemala et al. 1996) and
thereby can increase species diversity (Miemala
et al. 1996, Parui et al. 2015). Habitat heterogerne
ity (structural varaton on a larger scale), nesting
opportunities, food supply, and canopy coverage
are highly affected by the tree species composi-
tion of forests. Forests differing in their troe spe-
cies can host very different ant communities and
ant species dchness (Seifert 2017), with fonest
management indirectly affecting ants by a
change in tree species composition.

Forest management may also alter functional
trait compositions of ant assemblages. Funchional
diversity 15 defined as the number and range of
species fundional traits (morphological, physio-
logical, behavioral characteristics) in a community
(Petchey and Gaston 2006). While often equated
with species richmess, studies also revealed great
varation in functional diversity between commu-
nities with similar species number (Cadotte et al.
2011). Moreover, a high functional redundancy
might ensure functional stability over time
because funcionally similar species with resped
to their effects on ecosystemn processes might
respond differently to environmental changes (in-
surance hypothesis Fonsea and Ganade 2001).
The fmctional composiion and diversity of
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commurities ane commonly assessed using mor-
phological and life-history traits in trait-based
studies (Bihn et al. 2010, Silva and Brandao 2014,
Simons et al. 2006). In ants, the effect of habitat
complexity (structural complexity on a small scale
like ground surface mugosity percentage of grass
cover, or leaf lither thickness) on morphological
traits of ant communities has been well studied.
Gibb and Parr (2013) provide support that habitat
complexity can act as filter for species composi-
ton through their morphological traits. For exam-
ple, ant leg length decreases with habitat
complexity (Farji-Brener et al. 2004, Sarty et al
A6, Wiescher et al. A2} and larger body size
can be beneficial in simpler habitats (Farji-Brener
et al. 2004, Sarty et al. 2006). However, the corme-
lations of body size and habitat complexity were
not consistent (Gibb and Parr 2013). In addition,
body sime can be positively cormelated with food
supply (Johnson A0Z), which can be limited by
forest management if it effects the ant’s main food
sources (Sorvan and Hakkarainen 2009). More-
over, life-history traits can reveal changes within
communities consisting of morphologically simi-
lar species.

To date, the response of ants to forest manage-
ment has mainly been studied in the ropics (Vas-
concelos 1999, Bihn et al. 2008, Klimes et al. 2012)
and studies focusing on the responses of ant com-
mumnities o habitat heterogeneity and complexity
along  environmental gradients were likewise
conducted in warmer regions (Aman et al. 2009,
Blatrix et al. 2016). Although single studies on
management-relabed questions regarding ground-
dwelling (Tausan et al. 20017) and canopy (Dolek
et al. A9 ant communities exist, we shll lack a
more comprehensive understanding of the direct
and indirect effects of forest management in tem-
perate forests via changes in habitat heterogeneity,
complexity and microchmate (reviews: Under-
wond and Fisher 2006, Ellison 2015). Our study
fills this gap by investigating ant communities in
150 German temperate forest stands with differ-
ent forests management regimes. Specifically, we
address the questions: (1) Does forest manage-
ment affect the abundance, spedes nchness,
fundional diversity, and composition of ant com-
mumnities? (2) Are these changes mediated by a
change in the environmental conditions, such as
structural heterogeneity, microclimate, and food
supply?
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MaTeriaLs anD METHODS

Stdy regions

The study was conducted within the frame-
work of the Biodiversity Exploratories project
(www.hbindiversity-exploratories.de; Fischer et al.
2010). It comprises three different study regions
across Germany: the UNESCO Biosphere Reserve
Schortheide-Chorin in the northeast (53°00° N;
1376 E), the Matiomal Park Hainich and the sur-
rounding Hainich-Dun region in the center
(51°15' N; 10°47" E), and the UNESCO Biosphere
Reserve Swabian Alb in the southwest (48743 N;
9°3% E; henceforth “Schortheide,” “Hainich,” and
“Alb"). Beside the maximum distance of =600 km
between the regions, the three regions differ in
elevation (Schortheide 3-140 m asl, Hamch
285-550 m asl, Alb 468060 m asl), mean
armual precipitation, and mean anrmal tempera-
ture (Schortheide 520-580 mm and 8.0°-8.5°C,
Hainich 500800 mm and 65°-8°C, Alb 700-
1000 mm and 6.0°-70°C). For additional details,
see Fischer et al. 2010).

Stwdy sites and forest management types

In each region, 50 expenmental forest plots
(henceforth “plots™) simed 1 ha (100 = 100 m)
were installed. Each plot is located within a lar
ger forest stand of the same management regime
and thus represents one management unit. The
plots differ in management type (ummanaged,
even-aged, and uneverraged forests) and inten-
sity (Hessenmoller et al. 2011, Schall and Ammer
2013, Kahl and Bauhus 2014) as well as selected
dominant tree species. Owverall, plots comprise
broad-leaved forests, dominated by European
beech (Fagus sylvatica, all regions) and oaks
(Quercus petrea or Quercus robur  Schorftheide
only); mixed forests (broad-leaved coniferous at
Schorfheide); and coniferous forests ([Norway
spruce [Pigea abies] at Alb and Hainich and Scots
pine [Pinus sylvestris] at Schorfheide), but not
every management type can be found in every
region. In unmanaged forests, management was
ceased A-70 yr ago. Even-aged forests comprise
stands of different developmental stage (thi ckets,
pole woods, immature Hmber, mature timber,
thickets with shelterwood) that are spatially sep-
arated. Stands are regenerated in 80- to 160-vr
intervals (for oaks, the rotation length exceeds
180 yr). In uneven-aged stands, single trees ane
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harvested selectively, mesulting in a high within-
stand variability of tree ages and thus high verti-
cal heterogeneity (only in Hainich).

Ant and other arthropod sampling
Sampling was conducted between May and

October 2008, On each plot, three pittalls with a
furmel diameter of 15 cm were installed n three
of four randomly selected plot corners (Lange
et al. 2014). The pitfalls were empted five imes
in intervals of five to six weeks, Due to trap
losses, only two of the three traps wen: randomly
chosen per sampling interval and analveed.

All arthropod specimens were sorted to order
level. All ants were identified to species level
using Seifert (2007) and Radchenko and Elmes
(A010) by the first author. Additionally, all
Coleoptera, Arameae, Pseudoscorpiones, Opil-
wnes, Hemiptera, Dermaptera, Mecophera,
Orthoptera, Dictyoptera, and MNewroptera wene
identified by taxonomic specialists (see Adaowl-
e grmer i),

We caleulated ant species richness as the mum-
ber of ant species found per plot. Because ants
recruit to food sources, we used the frequency of
occurnence of a species in the pitfall traps as a
measure of abundance rather than the number of
individuals (maximum two traps = five sam-
pling intervals = 10 per plot).

Environmental variables

Forest mugmagernent varighles. —We define forest
management as the decisions taken of a fopest
manager. In Central Europe, this comprises
mainly three decisions: (1) the tree species selec-
tion, (2) the management syshem (even-aged,
unevern-aged, unmanaged), and (3) the intensity
of management

As vanable reflecting tree species selection, we
used the domtimant tree species of a stand (at least
5% ground cover area) and comprise pure stands
(beech, oak, pine, spruoe) as well as mixed stands
with beech and pie trees. We did not use man-
agement system as management variable in our
models as unevenraged stands occurred only in
one region (Hainich) and the differences in man-
agement systems ame already covered by the com-
ponent of forest management intensity. However,
we tested the differences between seven different
forest types that 15 beech unmanaged, beech
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uneven-aged, beech evencaged, oak even-aged,
spruce evenraged, pine even-aged, and pine—
beech even-aged, separately.

As a measurement for forest management
intensity, we used one parameter of the Fornest
Management Index of Kahl and Baulus 2014),
the proportion of harvested tree volume (hare).
For the Tharp, a value of (0 means that no trees
were harvested within the last 3040 vr and 1
represents clear-cut sibes (for differences between
the regions and the forest ty pes, see Appendix 51:
Figs. 51, 52).

Forest structure varighles.— A range of varables
describing the forest structure weme assessed
based on a complete stand inventory (Schall
et al. 2018k}

As a measure for stand age, the mean age of
the dominant tree species was obtained from
records of the mspective forest administrations.
The forest composiion (stand purity) was
defined as pure if the crown of the dominant tree
species covened at least 80P of the ground area.
Tree species rnchness and diverssity (Shannon)
wene calculated based on data from forest inven-
tory (Schall and Ammer 2013). Canopy cover (in
%) was assessed by airbome LIDAR in summer
2008 and 209 during leat-om conditions (method
explained in Hessenmdller et al. 2011). Stand
structural complexity was measured at nine sys
tematically distabuted points using a termestrial
3D lager scarmer which was installed at a height
of 130 cm. Based on the laser scans and their
reflection, a three-dimensional distnbution of
biomass in space was measured and caleulated
in an index for stand structural complexity
(Ehbrecht et al. 2017). As measurement for nest
site opportunities and suitable microhabitats, we
used (1) dead wood volume, measured in m*/ha
for standing and lving trunks with a diameter
=25 cm over the whole plot in 2012, and (2) leaf
litter thickness, measured in each plot at 14 sam-
pling points using a 15 x 15 cm metal frame
and then averaged over the whole plot. This
includes leaf litker as well as large organic mabe
rial with a low level of decompaosition

Forest biotic varighles.— Arthropod species rich-
ness and arthropod biomass were used as van-
ables desenbing the potential food resources for
ants. Both variables were calculated by consider-
ing all main ground-dwelling orders, except ants,
Acarina and Collembola as small and maimnly
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soil-dwelling taxa were excluded. Dry mass of
arthropod groups considered was  calculated
based on the body size using the power function
from Rogers et al. (1976). Overall, the considered
arthropod groups comprised more than one-
third of ndividuals sampled in pitfall traps but a
much higher proportion of biomass (due to the
exclusion of abundant but small-bodied Acarina
and Collembaola).

Forest ghiotic trarighles.— Each plot was equipped
with a meteorological station measuring the air
wemperatune in one-hour intervals. For our analy-
o5 we used the minimum and maximum values
per day between May and Auwgust 2009, the
months of highest activity of ants (as proposed in
Seifert 2017), at a height of two meters above
ground to calculate the mean daily temperature
amplitude. For the same time span, we measured
ground emperatune per plot at 10 em above the
ground. Soil moisture per plot was measured in
percentage (%o of volumetric water content) in
10 em soil depth measured contimuously at one
point per plot and averaged for the whole period.
We used 2009 data instead of 2008 data because
of many data gaps in 2008 due to outages of the
sensors. On 84 plots, cimate data for at least 30 d
(mean = & dfplot) over the whole sampling
duration in both years were available. Here, we
found strong correlations for termperature ampli-
tude (4 = 17.82; P > 0.001; r = 0.89) and ground
emperature (e = 1092 P> 0001; r=0.77)
between 2008 and 2009, Due o these strong come-
labions, we are convinced that the results ame not
stromgly biased using 2009 data.

Ant functional diversity

Morphological traits.<For all ant species, we
measured morphometric traits of one o six speci-
mens for each plot (Leica M165 C binocular sys-
tem and the software Leica Application Suite,
Leica Mikrosysteme Vertrieb GmbH Mikroskopie
und Histologie, Wetear, Germany). OFf each ant,
we measuned the following traits: Weber's length
(mesosoma length) and pronotum width as a mea-
surement for body siee; head length and width
(both strongly correlate with body size [Gibb et al.
A7) as proxy for the ants”diet as ants with larger
heads can exert stronger forces on their mandibles
(Weiser and Kaspar 2006); femur and tibia length,
combined to leg length as a proxy for foraging
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speed and distance (Feener of al. 1988); and eve
size (eve length and eye width in frontal view) as
this is used as an indicator of trophic posiion or
diurnal activity in tropical ant spedes (Weiser and
Kaspar 206). Based on the measurements, we cal-
culated the mean trait value for each trait and spe-
cies per plot. We used the absolute Weber's length
and calculated relative values (divided by Weber's
length) of pronotum width, head length, and head
width (for allometrically differences bebween spe-
cies); leg length (femur length + tbia length); and
eye stoe (4 x eye length = eve width — assum-
ingelliptical eves).

Life-history traits.— For all species, we extracted
data of 10 different traits from two recent studies
(Aman et al. 2017, Seifert 2017) which ane con-
sidered to reflect important parts of ant autecol-
ogy. These traits comprise worker size, average
colony s, asumed mutational niche (these val-
ues are based mostly on assumptions by Seifert
(2017), but also based on former published
work), behavioral dominance, mumber of queens
per nest, and nests per colony, as well as colomy
foundation type. The trait data and a more
detailed descripion of the trait categories are
provided in Appendix 51: Tables 52, 53.

Trait processing

As a measurement of functional diversity of
ants, we caleulabed Rao's quadratic entropy (Rao’s
; Botta-Dukit 2005). For the morphology-based
Rao’s (J (FDhy), we used the traits Weber's length
and all relative morphological trait values. For the
life-history-based Rao's O (FDy ), we used all life-
history traits. Moreover, to test whether single
traits respond to forest management, we caloa-
lated the community-weighted mean (CWM) by
taking the mean trait value for a species weighted
by its relative abundance within the community
and the community -weighted varance (CWV) by
caleulating the variance within a trait for each spe-
cies weighted by its relative abundance within the
community. Rao’s (3, CWM, and CWV were cal-
culated separately per region based on the trait
values which were measured from specimens
found in that particular region.

Data transformation

We square-root-transformed the ant abundance,
arthropod biomass, and the Thero; we squared the
temperature  amplitode and  tramsformed  the
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canopy cover to the power of four. For FDyy and
FDy e we logtransformed deadwood volume
after adding 1 to each value because we had a few
plots without deadwood. Since the contnuous
varables were measured at very different smles,
we rescaled them to zero mean and unit variance
ugng the decostand fundion (method standard-
ize) of the R package vegan (Oksanen et al. 2116).

Statistical analyses

All analyses wene conducted in B (R Develop-
ment Core Team 2016). To calculate trait mea-
sunzs, we used the FD package (Laliberté and
Legendne 2010, Laliberté et al. 3014).

To test whether particular environmental vari-
ables affect measures of the ant communibes we
used a muli-model inference approach as sug-
gested in Grueber et al. (2011). We reated a linear
mixed-effect model using the R package Imed
(Bates et al. 2015) with different response vardables
and multiple predictor vanables. We tested van-
ous varables for among-varable correlation and
only chose variables with r < 0.7, If two varables
had a higher correlation, we dhose the variable
with the predicted higher ecologcal importance.

The global model was calculated as the
mesponse varable against all above described
predictor variables, with region as random factor
(for multi-regional comparsons). An additional
global model with region as fixed factor led to
consistent results (provided in Appendix 51:
Tables 56, 57, Fig. 53).

Then, we used the dredge function of the R
package MuMIn (Bartin 2016) which generabes a
set of models with all possible combinations of
predictor varables and weighted the models
based on their Akaike mformation criferia for
small samples sises (AKCc). We used all models
with a AAICe < 2 and applied the modelavg
function and subsequently the importance func-
tion which states the relative importance values
of each variable calculated as the sum of AICc
welghts over all models in which the variable
appears. Using these varables, we fitted a piece-
wise structural equation model (piecewise SEM)
using the piecewiseSEM package (Lefcheck 2016)
to best for direct and indinect effects of the most
important variables (all varables selected by
model averaging) on the response variable, The
effects of a certain dominant tréee species in the
SEM were calculated in comparison with beech
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as dominant tree species, which is supposed to
be the most natural state.

In the model for species richness, we addition-
ally included ant abundance to test whether the
effects on ant species fichness are only driven by
the effects on the ant abundance. Dhue o missing
data of single variables, we had to exclude nine
plots (four from Hainich and five from Schorf
heide) from all analyses

We compare the ant community composition
between the regions we conducted a non-metric
multidimensional scaling (NMDS) (two axes) on
the Bray-Curtis distance matrix using the
metaMDS function in the vegan package (Oksa
nen et al. 20016). To compare the trait space oocu-
pied by species among study regions  we
additionally conducted an ordination analysis
using all morphological and life-history traits.
First, we used the Gower dissimilarity coefficient
(Gower 1971) with Podani’s (1999) extension to
ordinal varables to create a distance matrix from
our trait data (gowdis funcion in the FD pack-
age; Laliberté and Legendre 2010, Laliberté et al.
2014). Second, we performed a NMDS (two axes)
on  the Gower distance matix using the
mewbDS function in the vegan package (Oksa-
nen et al. 2006). We tested for differences
between egions in species composition and trait
space using PERMANOVA (Adonis function,
1000 permutations). For illustration, traits were
plotted post hoc using the enviit function with
1000 permutations.

Resurs

Ant species richness and community compaosition
Orwverall, we found 28 ant species on a total of
120 of the 150 plots sampled. No ants were found
on 30 plots. Ant species rdhness differed strongly
between the three regions (generalized linear
model: Fjp = 16129 P < 0.001) with a low
richness in Hainich (04 species per plot) and Alb
(07 species per plot) and a comparatively high
richmess in Schorfheide (1-14 species per plot
Table 1; Appendix 51: Table 51). Ant species rich-
ness also differed between forest types. Low spe-
cies rchness was found in spruce and beech
forests and high species richness in oak and pine
forests (Fig. 1; Appendix 51: Table 54). Beside
species fdhness, the regions hosted  significantly
different species compositions (PERMANOVA:
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Table 1. Overview of the total number of ant spedes and the average number of spedes per plot sampled in the

three regions.
Ant species richness Mumberaf plots with ants for each management type
Tﬂ'tahcpbcie: Mean + 5D Pire-beech
e gion richress perplet Beech EA  BeechUA  Beech UM OakEA  PineEA Ea Spruce EA
Al 14 166 + 130  J/{E3 0 56) 0 o 0 10{12)
Hainich 7 08+ 084 13020 7(13) 3013 0 o 0 i)
Sehoriheide 23 68271 M4 0 78) 7 15(15) 75 0

Note: Momeaver. the mumbers of Ph:rh: where ants wens found and the overall mumber of Phhi per :mmgemerrl {}l'pe.l"rﬁgiim
{in bmdu_'bij am shown {EA, euu-n—aged_: LA, mm-\aﬁ\e‘l (% 8 mmmgm]j

F; =701, P ==0.001; Fig. 2). Myrmio rugtrodis
and Lasius platythorax were abundant in all thoee
regions (Appendix 51: Table 51) and were the
most common species in Hainich, Formica praten-
sis, Camponotus  herculgeanmus, and  Compomotus
ligmiperda were exclusively found in the beech
and spruce forests of the Alb. In the Schorfhende,
wood ants (Formice rufa and Formica polyctng) as
well as Stemamma debile and Temmothorax cressispi-
mtis were found in the majonty of plots, but also
additional Myrmica species and rare spedes such
as  Polyergus mufescems (Fig. 2; Appendix  51:
Table 51).

Effeat of forest management and other variables
on the ant community

The multi-model averaging approach nevealed
that 10 of the 18 varables were highly important
for ant species rchness (Table 2). The piecewise
SEM on the drvers of ant species richness
(Fig. 3) showed that species nchness was posi-
tively affected by pine as dominant tree species
(f =118 standardized coefficient), the overall
tree species richness (B = 0015, standardized coef-
ficient), and ant abundanee (f = 1.07, standard-
ized coefficent). Ant abundance was directly
and negatively affected by spruce as dominant
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Fig. 1. Mumber of ant species found in the different management types (n = 150 plots). The forest types were
defined by the dominant tree species (at least 50%: ground cover area) and comprise pure stands as well as partly
mixed stands of different broad-leaved and conifer spedes. Colored dots show the distribution of number of ant
spedes per plot and region (Alb, red; Hamich, yellow; Schorfheide, blue). Asterisks represent multiple plots with
the same number of species. Different letters above the boxplots indicate significant differences between the for-

est types based on Tukeys HSD pairwie comparions.
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Fig 2 Ordination plot ilbstrating the different ant
species compositions between the different manage-
ment types (EA, everraged; UA, uneven-aged; UM,
unmanaged) and the three different regions (different
colors and shapes), based on based on spedes abun-
dances. A& non-metric mulidimensional scaling
(NMDS) was conducted based on a Bray-Curtis dis-
tance index (stress = (L11). Species abbreviations are
Cfal, Camponotus falax; Cher, Camponotus herculkbans;
Clig, Camponotus ligniperdns; F.fus, Formica fusca; F.for,
Formica foreli; F.poly, Formica polycteng; F.pra, Formica
pratensis; Forufa, Formica rufa; Fsang, Forntica sanugui
nea; Lali, Lagus alienns; Loful Lasivs fuliginesus; Lnig,
Lasiuz niger; L..plat, Lasiuz platythorax; L.psam, Lasius
psammophilus; Lumb, Lasivs wwbratus; Prof, Palyergus
ruescens; Lacer, Leptothorax acerorumr; Mobi, Myr-
nica [obicornis; Morub, Myreuica rubra; Mg, Myreica
ruginodis; M.sab, Myrmica sabuleti; Macab, Myrmica
scabrinodis;, Wlspeci, Myrmica specinides; Stdeb, Ste-
nanimia debile; Tiera, Temmothoray crassispinns; Tyl
Temnothorax nylanderi; Tet.cae, Tetramorium caespitun
and Dquad, Dolichoderus guadripunctatus.

tree species (B = <1.12, standardized coefficient).
The indirect effects of forest management on ant
abundance were mediated by a negative effect of
the proportion of pine, spruce, and oak as domi-
nant tree species and stand purity on canopy
cover, which in tum resulted in a higher temper-
ature amplitude (f = 0.0, standardized coeffi-
cient) and thus in higher ant abundance. In
addition, the proportion of pine affected arthro-
pod species rchness positively which in tum
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Table 2. Result of the multi-mode averaging approach
for ant spedes richness.

Impertance N-comtaining
Variahle (%) masdel
Arﬂ'mrp::ld Species richmess 100 11
Dynmvinant tres species 100 11
Tun]:l&rahrm mplﬂude 100 11
Tree species richness 100 11
Cmirp:,r COVeT 9 10
Arthropod biomass di 5
Stand purity a“ 5
S | i sbuare 21 3
Leaf litter thickness 15 2
Tree species diversity 6 1

Note The relative impartance values of each ]:!'redii:k’:rr
variable were caleulated as the sam of Akaike inform ation eri-
teria (AlCe) weights with AAICe < 2over all modeks inwhich
the variable appears and the mumber of models which con-
tained the mspective varable i stated.

increaged ant abundance (= 0.2, shindardized
coefficient). The proportion of oak and tree spe-
cies richness affected arthropod biomass nega-
tively which in turn increase ant abundance
(f = —0.05 standardized coefficient).

Ant funaional diversity

Due to a very low species nichness in the
regions Alb and Hainich (Table 1), we analyzed
the FDhyw and the FDyy for the more diverse
region Schortheide only. Thene, we could not find
any direct or indirect effects of forest manage-
ment on the FDhy (see Appendix 51: Table 55,
Fig. 54). For the FDyy, the multi-model averag-
ing approach revealed that nine of 18 vanables
were important (Table 3).

The piecewise SEM on the drvers of ant funec-
tHonal diversity showed a strong positive direct
effect of the percentage of harvested tree volume
(Tharv) on FDyy (Fig. & B =497, standardized
coefficient). In contrast, the proportion of pine
reduced stand structural complexity which in
tum positively affected FDpy (B = —091, stan
dardized coefficient). Thus, open forests with a
low structural complexity have the highest ant
FDy . Besides soil moisture had a positive
effect (f=0.18 standardized coefficient) on
FDp .

When analyzed across the three regions, we
did not find effects of forest management on the
CWMs and CWVs of the sngle morphological
traits. Despite the large difference in ant species
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Fig. 3. Final piecewise structural equation model (n = 141 plots] exploring the direct and indirect effects of for-
est management on ant species richness. Boxes represent measured variables. Arrows represent significant
(P = 005). unidirerional relatonships among variables. Black represents positive and red represents negative
rela ionships. We report the path cosfficients as standardized effect sizes next to the arrows. B values for compo-
nent models are given in the boxes of their response variables. Variables on the left reflect forest management
dedsions, and variables in the middle are expected to be affected by forest management.

Table 3. Result of the multi-model averaging approach
frr the fundional diversity based on life-history

traits (FDhw).
[mpaortance N-cortaini
Variable P:"ﬁ:l m-::d:l.‘iw
Stand structural complexity 93 1&
Percertage harvested tree 73 13
volume (Tharv)
Dxminant e Species &4 12
Canopy cover 58 9
Sovil mesistina 5& g9
Arthoopod bicmass 53 9
Leaf lither thickness 34 &
Tree species dchness 22 4
Toae Species o versity 4 1

Note: The melative importance values of each Prﬂ]'is:h:rr
variable wen: cakulated as the sum of Akaike information eri-
teria (AICc) weights with AAICe < 2 over all models in which
the variable appears amd the number of models which con-
tained the precise variable & stated.

ECOSPHERE ¥ wwwesajournals org

rchness and community composition  (Fig. 2)
among regions, the trait space covered by the
species in the three regions did not significantly
differ, meither for the morphological traibs
(PERMANOVA: F; = 152, P = 0.19) nor for the
life-history  traits (PERMANOVA: F; = 048,
P = 082). The NMDS5 of the morphological trait
space (Fig. 5) shows that the ant communities at
Alb and Schortheide had an approximately simi-
lar sized trait space with centroids laving close
together. Both communities, however, contained
a few species with exclusive morphological trait
compositions. The trait space in the species poor
region Hainich can be seen as a subset of the trait
space covered by the spedes in Schortheide.
Mevertheless, the species communities at the Alb
consisted of larger species with relatively larger
eves and longer legs, while species at the

June 208 <+ Volume %6) 9 Arbcle 02303

74



GREVE ET AL.

14.97
Percentage Sodl moisione Al;_l'l.llrt.inlnl
harvested tree [ {l;n:nnuj:u
Turme {Ihary . P
vilurme {Lhary) R =049 ot
Oak Canopy
Puerens cover
irecrabar B2 =035
Arthropod
Pine biomass
Puiwus sylvesints 5
=045
i Stamd struciural
Tree species i
richness coitiplexity
Ri=0.46
Lenf litter
Thickness
R =033

Fig. 4. Final piecewise structural equation model (n = 45 plots) exploring the direct and indirect effects of for-
est management on the functional diversity based on life-history trait (FD ) at the Schorfheide. Boxes represent
measured variables. Arrows epresent significant (F < (L05), unidirectional relationships among varizbles. Black
represents positive and red represents negative relationships. We report the path cosfficients as stand ardized
effect sizes next to the arrows. B* values for component models are given in the boxes of their response variables.

MMIS2

=1 0. LY | 0.2 03
NMDS1

=03

Fig. 5. Ordination plot showing the trait space cov-
ered by the ant species sampled the three different
regions (different colors), based on morphological spe-
cies tmits. A non-metric multidimensional scaling
(NMDS) was conducted based on a2 Gower distance
matrix (stress = (L05). The morphological traits are W,
Weber's length; rel I, relative leg length; rel.pw; relative
promotum width; rel.hw; relative head width relhi,
relative head length; and rel. eye, relative eye size.
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Schorfheide had relatively larger heads (Fig. 5).
The communities at the Alb mainly consisted of
formicinaec ants (10 of 14 species) including large
Formica and two Campomotus species. Large
Formicinae were also found at the Schortheide
but the communities also contained distinctly
mone small myrmecine and formicine species
(Appendix 51: Table 51) which had relatively lar-
ger heads and relatively shorter legs. Results
based on hfe-history  traits showed  similar
results, with less exclusive trait space covered by
the species at Alb (Fig. 6).

Discussion

Our main result is that forest management
positively affected the abundance, species rich-
ness, and functional diversity of ant communi-
ties in temperate forests. This was mainly a
consequence of mduced canopy cover and
stand structural complexity through tree har-
vesting and selection of shade-intolerant spe-
cies, which resulted in warmer stand-scale
conditions.
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Fig. 6. Ordination plot showing the trait space cow-
eed by the ant species sampled the three different
regions (different colors), based on life-history species
traits. A non-metric multidimensional scaling (MMDS)
was conducted based on a Gower distance matrix
(Stress = 0.17). The life-history traits are C5, colony size;
WL, Weber’s length; Zoo, percentage moophagous diet
of total food intake; Nedar, percentage nectar diet of
total food intake; Troph, percentage trophobicsi-based
diet of total food intake; Plant, percentage plant-based
diet of total food intake: Dom, behavioral dominance,
n(}. number of queens per nest: nh, number of nests
per aolony; and CFT, colony founda tion type.

Effects of forest management on ant abundance
and spedes richness

The dominant tree species at each plot strongly
affected ant species richness and abundance.
Both Achness and abundance were low m beech
and spruce forests and high in cak and pine for-
ests (Fig. 1). As spruce forests occurred not in the
same regions as pine and oak forest, this compar-
ison might be biased by regional differences in
ant communities n our study. However, our
results underpin the findings of Seifert (2017)
that beech and spruce forests are species poor
while pak and pine forests are generally species
rch. Different forest and management types
show gmeat differences in forest structure and
canopy cover. Bspecially pine- and oak-domi-
nated forests have a more open canopy (lower
canopy  cover) than beech-dominated forests
(Appendix 51: Fig. 55). A low canopy cover
increases ants species fdchness in the temperate
zone (Gotell and Ellison 2002, Arnan et al. 2009,
Dolek et al. 2009, Tausan et al. 2017), and our
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mesults clearly support this (Figs 1, 3). The most
likely underlyving mechanism is an increased
temperature amplitude with decreased canopy
cover. In forests with an open structure light can
mach the ground and beat it up. Smnoe ants ane
thermophiles, an increase in the ground tempera-
ture could accelerate development of brood in
ground nests and thus increase colony growth
(Kipyatkov and Lopatina 2015) and promote for-
aging activity (Cerdd et al. 1998, Lessard et al.
2009, Blatrix et al. 2016). Hence, forest manage-
ment has positive effects on emperate ant com-
murities if it promotes more open canopies and
thus a warmer forest climate. Mome open cano-
pies are nealized in even-aged management sys-
tems which include more open developmental
stages (Schall et al. 2018a4), and by using tree spe-
cies such as pine and oak which form a less
dense canopy. In contrast, management systems
that lead to a high vertical structuring and high
canopy cover throughout a rotation perod such
as umevernraged (selecion) beech management
systems result in a low ant species nchness
(Fig. 1). The small gaps created by single-toee
harvesting are closed by the surrounding trees
very fast (Juchheim et al. X17), resulting in a
closed canopy across time and space. A rather
surprising result is the very low importance of
deadwood and leaf litter thickness for the ant
communities. Both variables were expected to
offer nesting opportunities or suitable microhabi-
tats. We assume that either the forests provide
sufficient nesting opportuni ies independently of
our measured amounts or we did not consider
the relevant variable.

Like ants, overall arthropod species dchness
benefited from warm forest climate due to a low
canopy cover. Previous siadies on different taxa
already showed that temperature is a crucial,
positive driver of arthropod spedes richness in
temperate forests (Topp 2003, Gossner 2009,
Miiller et al. 2015, Seibold et al. 2016). This is
because the metabolism of arthropods is tem per-
ature-dependent  ([Danks 2007, Sformo et al
200). However, the magnitude of the response
to decreased canopy cover might depend on the
taxon, stratum, and spatial scale of openings
(Gofiner et al. 2006). Some taxa, such as ground-
dwelling beetles, might not be affected by
canopy openness (Lange et al. 20014). Thus, gen-
eralizing assum ptions for a highly diverse group
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like arthropods might be difficult. Nevertheless,
the preference of many arthropod taxa for mone
open forest habitats might also be a relic of the
past history of temperate forests whene the
grazng of large herbivores resulted in less dense
forests (Vera 2000).

We could not find an indication that the higher
arthropod biomass in our systems supports ant
abundance and species richness through higher
supply of food resources. Thus, overall arthro-
pod biomass and ants most likely responded to
forest management similarly without an indica-
tion of a direct trophic interaction.

Effects of forest management on fundional
diversity

FDhpy was positively affected (increasing com-
mumity trait diversity) by tree harvesting and
negatively by a high structural complexity.
Henee, our results support the assumption that
low structural complexity can increase the diver-
sity of woodland ants (Bernadou et al. 2013).
Harvesting substantial amounts of tree volume
leads to an open forest structure and thins out
the canopy cover, which in turn facilitabes a war-
mer forest chmate. Thus, with canopy openness,
we found a common main dover of ant FDygy
species richness, and abundance.

A positive correlation between ant functional
diversity and ant species richness was recently
found in eastern North Amerncan forests (Del
Toro et al. 2015) and across the biogeographic
regions of Europe (Arnan et al. 2007). However,
the latter study showed that ant functional diver-
sity in Continental Europe is in general relatively
lowe. This low diversity is also noticeable in our
study since the regions did not differ in morpho-
logical and life-history-based trait spaces despite
the significant differences in the number of spe-
cies. The lack of a positive relationship between
species richness and trait spaces underscores the
low functional variability of ant communities in
temperate Central Europe.

Owerall, we showed that management in tem-
perate forest can result in an increase in ant spe-
cies richness and functional diversity via indirect
effects of canopy opermess resuling in warmer
forest climate and a less complex forest structure.
When going further poleward from temperate for-
est to boreal forests and the taiga, forest manage-
ment can likewise have positive effects with
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managed, as well as early successional forests har-
borng more species than mature forests sinoce
they have a lower canopy coverage and are
thereby more suitable for les shade-tolerant spe-
cies (Punttila et al. 1991, 1994, Schall et al. 20184).

In contrast, in the wamer climate of tropical
and subtropical forests, ants are not mited by
low temperatures. In tropical forests, manage
ment results in tremendous species loss and a
significant reduction in functional diversity by
reducing habitat complexity (Bihn et al. 2010,
Klimes et al. 2012, Solar et al. 2016). In Mediter-
ranean forests, studies on direct forest manage-
ment effects are rare, but changes in associated
variables like a reducton in high vegetabon/
canopy cover can either support species richness
(Blatrix et al. 2016) or do not change species rich-
ness but change species composition  foward
mone dominant species and functionally more
diverse communities (Betana and Cerda 2000,
Arnan et al. 2112). Thus, predictions on the effect
of forest management on Medierranean ant
communities ane stll ambiguos.

ComMCLUSIoN

With this study, we contribute significantly to
the understanding of how ants meact to current
management pradices in emperate forests, which
lacked so far for this biogeographic region. We
show that forest management practioes in bemper-
ate forests shape ant community structures and
can be beneficial when they lead to a less dense
forest structure with a lower canopy cover and
warmer forest climate. This can be achieved by
increasing the proportion of shade-intolerant tree
species with a less dense crown or by tree harvest
ing. We therefore encourage forest managers to
mnclude more open and warmer stages in their
management strategies to promote ants as ecolog-
ically important group in forest emsystens, but
also other organisms.
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Table S1. List of ant species found in each region including the number of plots where they
occurred and their abundance as the number of times (month x trap) a species was caught in

pitfalls.

Region Species No plots Abundance

Alb Camponotus herculeanus 2 3
Camponotus ligniperdus 1 1
Formica (Serviformica) fusca 5 7
Formica polyctena * 1 1
Formica pratensis 5 6
Formica rufa * 1 1
Formica (Raptiformica) sanguinea 4 4
Lasius niger 3 3
Lasius platythorax 10 16
Lasius psammophilus 1
Leptothorax acervorum 2 2
Myrmica rubra 20
Myrmica ruginodis 40 172
Temnothorax nylanderi 1 1

Hainich Formica (Serviformica) fusca 1
Formica polyctena 1 4
Formica (Raptiformica) sanguinea 1 1
Lasius platythorax 7 14
Myrmica rubra 2 2
Myrmica ruginodis 27 86
Myrmica specioides 1 1

Schorfheide ~ Camponotus fallax 1 1
Dolichoderus quadripunctatus 1 1
Formica (Coptoformica) foreli 1 1
Formica (Serviformica) fusca 21 45
Formica polyctena * 36 140
Formica rufa * 25 66
Formica (Raptiformica) sanguinea 3 4
Lasius alienus 3
Lasius (Dendrolasius) fuliginosus 12 21
Lasius niger 1 1
Lasius platythorax 31 136
Lasius psammophilus 10 13
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Table S1. Continuation

Region Species No plots Abundance

Schorfheide  Lasius (Chthonolasius) umbratus 1 1
Leptothorax acervorum 3 4
Myrmica lobicornis 10 20
Myrmica rubra 31 87
Myrmica ruginodis 48 341
Myrmica sabuleti 5 8
Myrmica scabrinodis 10 26
Polyergus rufescens 1 1
Stenamma debile 37 115
Temnothorax crassispinus 46 178
Tetramorium caespitum 3 3

* Species can produce fertile hybrids. Percentage of assumed hybrids was < 10 %
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Table S2. Ant species found at the Schorfheide with the trait values used for the calculation of FDru. Trait
information marked with # are taken from Seifert (2007, 2017) and marked with * are taken from Arnan et al.
(2017). Abbreviations: CS, colony size; WL, Weber’s length; Zoo, assumed percentage animal diet of total food
intake; Nectar, assumed percentage of nectar diet of total food intake; Troph, assumed percentage trophobiosis
based diet of total food intake; Plant, assumed percentage plant based diet of total food intake; Dom, behavioral
dominance, nQ, number of queens per nest, nN, number of nests per colony; CFT, colony foundation type. Data
type and additional information on the traits are provided in Table S3.

Species #CS WL  #Zoo *Nectar *Troph *Plant *Dom *nQ **nN *CFT
Camponotus fallax 570 242 058 0.13 0.21 0.08 0 0 0 1
Formica (Serviformica)

fusca 7.31 1.96 0.5 0.1 0.35 0.05 0 1 1 1
Formica polyctena 12.20 2.40 0.3 0.03 0.65 0.02 1 1 1 0
Formica rufa 11.00 2.54 0.3 0.03 0.65 0.02 1 1 1 0
Formica (Raptiformica)

sanguinea * 852 257 048 0.02 048 0.02 1 05 0 0.5
Formica (Coptoformica)

foreli * 10.13 1.63 0.4 0.02 056 0.02 1 1 1 1
Lasius (Dendrolasius)

fuliginosus 10.31 1.51  0.25 0.07 064 0.04 1 0 0 0
Lasius niger 8.52 1.37 034 0.05 0.56 0.05 1 0 0 1
Lasius platythorax 8.52 1.22 034 0.05 0.56 0.05 1 0 0 1
Lasius (Chthonolasius)

umbratus 9.21 1.33 0.2 0 0.8 0 1 05 0 0
Lasius alienus 8.52 1.06 0.39 0.18 0.37 0.06 1 0 0 1
Lasius psammophilus 8.52 1.17 035 0.14 0.5 0.01 0 0 1 1
Polyergus rufescens * 7.31 2.41 0.5 0.1 0.35 0.05 1 0 0 0
Leptothorax acervorum 5.19 1.02  0.87 0.02  0.07 0.04 0 1 0 0
Myrmica lobicornis 5.63 1.40 0.72 0.004 0.2 0.04 0 05 0 0.5
Myrmica rubra 7.38 1.47 048 0.05 0.37 0.1 0 1 0.5
Myrmica ruginodis 6.68 1.57 0.53 0.02 0.3 0.15 0 05 0 0.5
Myrmica sabuleti 6.48 143 051 0.07 0.37 0.05 0 0 0.5
Myrmica scabrinodis 6.40 1.41 0.51 0.06 0.4 0.03 0 05 0 0.5
Stenamma debile 4.03 099 0.95 0 0.02 0.03 0 1 1 0
Temnothorax crassispinus  4.38 0.77 095 0.02 0.03 0 0 0 0 0.5
Tetramorium caespitum 9.62 1.03  0.26 0.04 035 0.35 1 0 0 1
Dolichoderus

quadripunctatus 5.70 1.1 0.61 0.13 0.13 0.13 0 0 1 0

85



Table S3. Description of the different traits for the calculation of the FDry

Trait Data type States

CS Continuous Mean colony size (log transformed)

WL Continuous Mean Weber’s length of worker (mm)
Continuous

Zoo, Nectar, Troph, ) ) o
Assumed relative percentage of animal-, nectar-, trophobiosis- or

and Plant
plant-based diet. All summed to 100 %. Values are partly assumed
by Seifert (2017), but also based on very detailed food analyses*
Dom Binary (0) Subordinate; (1) Dominant
nQ Ordinal (0) Monogyny; (0.5) Monogyny or polygyny; (1) Polygyny
nN Ordinal (0) Monodomy; (0.5) Monodomy or polydomy; (1) Polydomy
CFT Ordinal (0) Dependent colony founding; (0.5) Dependent and independent

colony founding; (1) Independent colony founding

* detailed analyses are published in e.g. Wellenstein (1952, Adlung (1966) for Formica rufa, Horstmann (1970)
for F. polyctena.
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Table S4. Number of ant species found in the different management types and the number of
plots where the particular number of ant species was found for each management type and
region (based on n = 150 plots).

Management type Number ant species per plot Alb Hainich Schortheide
Beech even-aged 0 5 7 -
1 13 8 -

2 7 2 -

3 5 2 -

4 - 4 2

5 2 - 5

7 1 - 4

8 - - 1

10 - - 1

Beech uneven-aged 0 - 6 -
1 - 6 -

2 - 1 -

Beech unmanaged 0 - 10 -
1 2 3 1

2 1 - 1

3 2 - 1

5 - - 2

6 - - 1

7 - - 1

Oak even-aged 3 - - 1
5 - - 3

6 - - 1

8 - - 2

Pine even-aged 6 - - 2
7 - - 1

8 - - 1

9 - - 4

10 - - 2

11 - - 2

12 - - 1

13 - - 1
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Pine-beech even-aged

Spruce even-aged
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Table S5. Result of the multi model averaging approach for FDy. The relative importance values of each
predictor variable are calculated as the sum of AICc weights over all models with AAICc< 2 in which the
variable appears and the number of models which contained the precise variable is stated.

Variable Importance (%) N containing models
Leaf litter thickness 92 19
Deadwood volume 75 16
Dominant tree species 40 8
Tree species diversity 39 7
Arthropod biomass 30 7
Arthropod species richness 28 6
Tree species richness 24 5
Stand purity 8 2
Percentage harvested tree volume (lharv) 7 2
Canopy cover 3 1
Temperature amplitude 3 1

Table S6. Result of the multi model averaging approach for ant species richness with region as fixed factor. The
relative importance values of each predictor variable are calculated as the sum of AICc weights over all models
with AAICc< 2 in which the variable appears and the number of models which contained the precise variable is
stated.

Variable Importance (%) N containing models
Canopy cover 100 12
Arthropod biomass 100 12
Arthropod species richness 100 12
Dominant tree species 100 12
Region 100 12
Temperature amplitude 100 12
Tree species richness 100 12
Stand age 78 9
Stand purity 66 8
Percentage harvested tree volume (Iharv) 65 7
Stand structural complexity 46 5
Soil moisture 19 3
Tree species diversity 15 2
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Table S7. Path coefficients of the significant unidirectional relationships among variables of Fig. S3. Due to the high

complexity of Fig S3, the path coefficients are not included in the figure like it was done in Fig 2, 3 and Fig S5.

Predictor Response Coefficient SE P-value
Ant abundance Ant species richness 1.05 9.36e-02 >0.001 ***
Pine Ant species richness 1.34 4.16e-01 0.002 **
Tree species richness Ant species richness 0.15 5.19e-02 0.006 **
Arthropod species richness Ant abundance 0.02 4.36e-03 >0.001 ***
Spruce Ant abundance -1.09 3.42e-01 0.002 **
Hainich (region) Ant abundance -0.94 3.13e-01 0.003 **
Temperature amplitude Ant abundance 0.01 4.39¢-03 0.013*
Arthropod biomass Ant abundance -0.05 2.32e-02 0.038 *
Hainich (region) Arthropod species richness 22.74 6.12e+00 >0.001 ***
Schorfheide (region) Arthropod species richness 49.72 1.57e+01 0.002 **
Stand structural complexity Arthropod species richness 5.65 1.94e+00 0.004 **
Arthropod biomass Arthropod species richness 1.31 4.62e-01 0.005 **
Pine Arthropod species richness 22.03 7.99e+00 0.007 **
Temperature amplitude Arthropod species richness 0.21 8.82e-02 0.019*
Canopy cover Arthropod species richness -24.48 1.09e+01 0.027 *
Tree age Arthropod species richness -0.09 4.43e-02 0.043 *
Hainich (region) Arthropod biomass -6.74 1.02e+00 >0.001 ***
Tree species richness Arthropod biomass -0.47 1.94e-01 0.017*
Oak Arthropod biomass -4.20 1.76e+00 0.019*
Canopy cover Temperature amplitude -46.14 1.02e+01 >0.001 ***
Tree age Temperature amplitude -0.11 4.34e-02 0.009 **
Leaf litter thickness Temperature amplitude 5.17 2.02e+00 0.012%*
Oak Temperature amplitude -20.78 9.02e+00 0.023 *
Schorfheide (region) Temperature amplitude -29.32 1.42e+01 0.041*
Hainich (region) Soil moisture -7.73 1.38e+00 >0.001 ***
Schorfheide (region) Soil moisture -22.95 4.46e+00 >0.001 #%**
Pine Soil moisture -5.11 2.33e+00 0.03 *
Spruce Canopy cover -0.28 5.60e-02 >0.001 ***
Schorfheide (region) Canopy cover -0.17 5.49e-02 0.002 **
Pine Canopy cover -0.19 6.29¢-02 0.003 **
Tree species richness Canopy cover 0.03 9.14e-03 0.003 **
Stand purity Canopy cover -0.12 4.25e-02 0.005 **
Oak Canopy cover -0.20 8.26e-02 0.019*
Schorfheide (region) Leaf litter thickness 6.28 4.01e-01 >0.001 #%**
Pine Leaf litter thickness 1.90 3.11e-01 >0.001 #%**
Canopy cover Leaf litter thickness 1.75 4.12e-01 >0.001 ***
Hainich (region) Leaf litter thickness -0.69 2.20e-01 0.002 **
Tree age Leaf litter thickness 0.00 1.83e-03 0.031*
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Hainich

Schorfheide

Fig. S3. Final piecewise structural equation model (based on n = 141 plots) exploring the direct
and indirect effects of forest management on ant species richness with the region as fixed factor
in the global model. Boxes represent measured variables. Arrows represent significant (p <
0.05), unidirectional relationships among variables. Black are positive and red are negative
relationships. Dashed arrows are used to reduce the overlay. We report the path coefficients as

standardized effect sizes in Table S7 to enhance the comprehensibility. R? values for component
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Fig. S4. Final piecewise structural equation model (based on n = 44 plots) exploring the direct
and indirect effects of forest management on FDu at the Schorfheide. Boxes represent measured
variables. Arrows represent significant (p < 0.05), unidirectional relationships among variables.

Black are positive and red are negative relationships.
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Abstract

Foraging is one of the main reasons for ants to walk. Foraging speed is mainly dependent on morphological traits, but also
on the surface structure. The size-grain hy pothesis (SGH) suggests that (1) relative leg length should increase allometrically
with body size, and (2) smaller, shorter lkegged species have an advantage with increasing habitat complexity in comparison to
larger and longer legged species. In general, it is thought that leg length is a good predictor for running speed. We performed
morphological analyses and running experiments with differently sized ant species along an artificial gradient of surface
rugosity. We measurzd running speed, number of steps, body size and leg length to answer the question, if morphological
traits can be used to predict the running speed of ants in complex habitats, as predicted by the SGH. We found that (1) leg
length increased allometrically with body size, and that (2) the largest species were among the fastest and could sustain
their speed with increasing surface rugosity. The smallest species with the melatively shortest legs were the fastest on the
flattest surface, but their speed decreased rapidly with increasing rugosity. Leg length was not a good predictor for running
speed. Similar-sized species responded idiosyneratically to high surface rugosity, which might be related to species-specific
habitat preferences. Species-specific behavior or stride frequency influenced running speed strongly, which hampers precise
predictions on their running speed, based on morphological traits exclusively.

Keywords Size-grain hypotheses - Formicidae - Locomotion - Body size - Leg length

Introduction and complexities {e.g., desert vs rainforest, shrubland vs for-
ests) can result in differently shaped species communities
Today, using life-history and morphological traits is a com-  (Farji-Brener et al. 3004; Lassau and Hochuli 2004; Sarty
mon approach to investigate ant species community com- et al. 2006: Schofield et al. 2016).
positions (Bihn et al. 2010; Gibb and Parr 2013; Silva and Differences in morphological traits among ant Communi-
Brandao 20 14; Gibb et al. 2015). Morphological traits of  ties living in habitats of different complexity have been ana-
single species and trait compositions of species communi-  Iyzad in the light of the size-grain hypotheses (SGH) by Kas-
ties are for example often analyzed along environmental — pari and Weiser (1999). The SGH proposes that, as the size
gradients (Arnan et al. 20 14), between spatial scales (Yates  of a terrestrial, walking organism decreases. it perceives the
et al. 2014} or differently structured habitats (Gibb and Parr  landscape as more rugose. If the leg length and the body size
2010). For the latter, for instance, different habitat structures  determines an organism’s ability to walk within a particular
environment, larger species should have advantages in more
planar and smaller in more complex environments (K aspari

Electronic supplementary material The online version of this

article (hitps://doi_org’ 10, 1007/500040-0 19-006%4 7) contains and Weiser 1999; Farji-Brener et al. 2004). Thereby, large
supplementary materizl, which is availzble to authorired users. species with long legs can “flatten™ their environment and
reduce the costs of locomotionrunning due o an increased

. MLE . Grevé ; i i i
: ] stride length, which enables the ants to walk over interstices
ANChel g ek e and obstacles. In contrast, smaller species can benefit from
! Animzl Population Ecology, Animal Ecology I, Bayreuth shorter legs by fitting through interstices between obstacles
Center of Ecology and Environmental Research (BayCEER), and reduced allocation costs in the construction of long
'c-l““m‘f" of Bayreuth, Universititssir. 30, 95447 Bayreuth, legs. Hence. the SGH broadly predicts: (1) that across ant
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species leg length increases allometrically with body size
{evolutionary prediction); and (2) that ant species use the
same landscape differently according to body size (ecologi-
cal prediction).

Several studies found support (Kaspari and Weiser 1999;
Espadaler and Gémez 2001 : Parr et al. 2003; partly Kaspari
and Weiser 2007} for the evolutionary prediction, but some
did not find the predicted patterns in their studies [for ants:
Sarty et al. (2006), for multiple taxa: Teuscher et al. (2009)].
For the ecological prediction, evidence was partly found
with larger-bodied species (Gibb and Parr 2010; Aman et al.
2013; Gibb et al. 2015) or at least with relatively longer leg-
sed species being more dominant in open habitats than in
meoTe complex ones with assumingly higher surface rugosity
{Gibb and Parr 2010, 2013; Wiescher et al. 2012). By com-
paring ant community structures in the tropical forest canopy
and leaf litter, Yanoviak and Kaspari (20040} found large
species moving over and smaller species moving through a
rugose environment (litter layer), while intermediate sized
species were mainly found in more planar environments (mee
canopy ). Concerning movements over of through their envi-
ronment, ants were found to be slower in food discovery in
highly rugose habitats (Nielsen 200 1; Gibb and Parr 2010)
with smaller ants having an advantage (Farji-Brener et al.
2004: Radnan et al. 2018).

Based on these findings of the ecological predictions of
the SGH, the question arises whether morphological traits
can be used to predict how a species is affected by increas-
ing surface rugosity in differently complex habitats. Or in a
broader view: how reliable are morphological traits as func-
tional traits? A very simple but fundamental functional trait
is the running speed of a species. which is dependent on
the morphology (intrinsic factor), the habitat and ambient
temperature (extrinsic factors). A high running spead ena-
bles ants to cover large distances faster, which enhances the
chance of finding food and reduces the duration of exposal
to harsh surroundings (Pearce-Duvet et al. 2011; Wahl
et al. 2015) and avoid competitors (Slipinski and Zmihorski
2017). Running speed can be important for, e.g., the com-
munity structure, especially when a discovery-dominance
trade-off is present (Davidson 1998; Adler et al. 2007).

In ant-functional trait studies (e_g., Parr et al. 20167),
the hypothesized trait function of lag length is the predic-
tor for running speed and habitat complexity (Feener et al.
1928 and thermoregulatory strategies (Sommer and Wehner
2012). Hence, species with long legs should be faster than
similarly sized species with shorter legs and running speed
should increase with body size and leg length [Hurlbert et al.
(2008}, but see Frizzi (20 18)] in simple, but slower in more
rugose habitats. Surprisingly, only a few studies have com-
pared running speed on different surfaces intra- and interspe-
cifically with regard to species body size and morphology.
Earlier studies on stepping patterns (Zollikofer 1994a, b

& speagee

Sieck et al. 2009) and effects of surface characteristics on ant
Incomation (Nielsen 20601 Bernadou and Fourcassié 2008
Weihmann and Blickhan 2009: Yanoviak et al. 2012) found
that ants are sensitive towards increasing surface roughness
and adapt their movements accordingly. Recently, Yanoviak
et al. (2017) found decreasing running speed of arboreal ants
with increasing roughness of plant surfaces, with the effect
of roughness being highest on medium-sized ants. These
results fit with the ecological prediction of the SGH and
strongly encourage to pursue and develop this approach with
ground-living ants. Here, we measure intra- and interspecific
variation in running speed of differently sized non-arbore al
ant species along an increasing surface rugosity gradient,
to investigate whether we find support for the evolutionary
and ecological predictions of the SGH and the suitability
of morphological traits as functional traits. We are fasting
whether in our species: (1) the leg length increases allo-
metrically with body size; (2) running speed increases with
body size and leg length; (3) the effect of increasing mgo-
sity differs between small, medium-sized and large species;
and (4) similar-sized species will respond similarly to the
increasing surface rugosity.

Materials and methocds

Ant species

To compare interspecific differences in morphology and
the effect on running speed, we conducted an experiment
with seven formicine species: six temperate species Formica
fuscocinerea, F, cumicularia, F. rufibarbis and F. sanpuinea
as well as Lasius niger and L. fuliginosus, which were all
sampled on the campus of the University of Bayreuth and
in Southern Germany in Summer 2017, In addition, a tropi-
cal Camponatus species: C. spec (unknown origin} with
only minors, no medias and a very low number of majors
(not included), was kept in a climate chamber (25 °C, 12-h
day-night cycle) for several years. Since colony size influ-
ences foraging behavior (Herbers and Choiniere 1996), we
used a standardized group size for each species. The groups
consisted of 200 workers plus five—ten larvae from the stock
colony. As stock colony, we used one colony per species.
Groups were kept in plastic boxes with artificial gypsum
nest chambers.

To compare intraspecific differences in runmng spaed
in dependence of morphological differences we compared
the running speed of workers of different sizes in the poly-
morphic species Camponotus floridanes (Florida, USA )
and C. maculatus (Uganda, A frica), which weme kept at the
same conditions as C. spec. in a climate chamber. Workers
of these species were divided into three differently sized
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morphological castes (small minors, medium-sized medias,
and large majors) with 200 workers per caste.

Experimental design

The experiments were conducted in plastic arenas
(7= 70%5 cm, hx Ix w, Fig. 51), with a hole for a tube at
ground level at one end as an entrance for the workers from
each species or caste. The bottom of each arena was filled
with a thin layer of gypsum and the walls were coated with
paraffin oil to pravent ants from escaping.

Interspecific comparison: as treatments and to gener-
ate a gradient of increasing surface rugosity, the arena
was prepared with bare gypsum (smooth) or the gypsum
was covered with a loose layer of sand (@ 0.9-1.2 mm)
or gravel (@ 2-3 mm). We use surface rugosity as a proxy
for habitat complexity since it is the actual surface rugosity
with which ants have to dzal when they walk. The *smooth’
surface shows how fast a species can move over a surface
without any obstacles. The *sand’ surface represents a low
complexity open habitat with bare sand or soil. The gravel’
surface represents a more complex, rough habitat. For the
intraspecific comparison in running speed of the differently
sized castes of C. floridanus and C. maculatus, we elabo-
rated the gradient by adding treatments with ‘very fine sand’
(@3 0.1-0.3 mm), *fine sand’ (& 0.4-0.% mm), and ‘coarse
sand’ (@ 1-2 mm), thus resulting in six different treatments
{Fig. S1).

To record a run, a video camera [Panasonic DMC-TZ40
with 50 frames per second (fps)] was positioned in the center
above the arena, recording 5 cm of the pathway/arena (Fig.
§2). Each species and caste was tested on each surface
(interspecific: three surfaces per species; intraspecific: six
surfaces per caste and species). Before the experiments, all
worker groups were acclimatized for at least 48 h at a tem-
perature of 22.0 + 1.0 "C. The experiments were conducted
within the same temperature range to prevent spaed changes
due to temperature variation. Before each trial, each worker
group was starved for 48 h. 30 ants per worker group werne
marked on the thorax with one or two small color dots of
acrylic paint to enable the identification of individual ants
after the trials. At the far end of the arena, we placed a car-
bohydrate (honey-water) and a protein source (dead cock-
roach) (Fig. 82) to stimulate foraging and recruiting behav-
ior. To start the trials, we connected the box containing the
worker group with the arena. The trials were stopped after
6090 min when the running activity decreased distinctly.
After each trial, the arenas were cleaned with water and
placed into a drying chamber overnight at a temperature of
55 °C to remove chemical trails laid by foraging workers
ivan Oudenhove et al. 2012).

The video recording was analyzed with the program
‘DaVinci Resolve’ (Version 14.0.0078, © 2017 Blackmagic
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Design). The video recordings were started 20 min after the
box containing the worker group was connected with the
arena with a tube to allow the ants to accustom themselves to
their surroundings and start foraging. During the exploration
of new areas, ants move in a complex form with low speed
and move faster and more rectilinear after finding the food
(Johnson 1991; Herbers and Choiniere 1996). The speed
of all straight runs (without change of direction, decelera-
tion or abrupt stops) was measured over a distance of 3 cm
irespective of the direction {towards the food source or the
nest). We measured the speed by counting the number of
frames. The counting was started when an ant complataly
crossed a defined mark with its gaster and stopped when its
gasier completely crossed the next 5-cm mark. With a frame
rate of 30 fps. each frame had a length of 20 ms. For further
analysis, we only used the 25 fasiest runs of unmarked ants
and the fastest runs of five marked ants which were later
retrieved from the worker groups and stored in ethanol for
subsequent morphometric measurements. For 2l me asured
runs {n= 3} measured runs per species, cask, and reatment)
we counted the number of strides an ant neaded to cover the
5 cm. A stride was defined as the setting down of a foot to
the setting down of the same foot and should not be con-
fused with a step [which would be from the footfall of aleg
pairs” right leg to the footfall of the left leg or vice versa
(Alexander 2003; Wahl et al. 2015)]. Stride frequency was
measured to examine how the frequency changes with sur-
face structure, running speed and species since mean stride
frequency is known to be highly variable among species
(Zollikofer 1994b). We measured the strides for one of the
middle pair of lags.

Since both Lasius species and F. fuscocinersa were too
small for the markings, the trials were, in addition to being
recorded by camera, observed in person and five ants were
rerizved after running a straight line during the experiment.
The retrieval of the respective ants did not seem to change
the behavior of the other workers left in the arena. However,
to ensure that ants did not change running speed due to a
potential disturbance at least | min were given between the
retrievals. After the trial, all ants removed from the worker
group were replaced with ants from the stock colony to keep
the number of ants per worker group stable for the trail on
a different surface.

Morphometric measurements and allometric
analyses

The marked ants (interspecific: n =3 surfaces x 5 workers
per species; intraspecific: n=16 surfaces x 5 workers per caste
and species) were measured to examine the correlation of
body size, leg length, and running speed. Morphological
traits were measured using a Leica M 1635 C binocular system
and the software ‘Leica Application Suite”. The following
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four traits were measurad: thorax length (Weber's length—
WL} and pronotum width (PW) as measures for body size
(Kaspari and Weiser 199%9; Espadaler and Gémez 2001). and
femur kength (FL) and tibia length (TL) of one of the hindleg
combined to leg length (LL). In addition, we measured dry
body mass (M) using an analytical balance with 0.01 mg
accuracy after the ants were dried for 48 h in a drying oven.
For the allometric analyses, we used the R-package *SMATR
34-% [(Standardized) Major Axis Estimation and Testing
Routines] (Warton et al. 2006, 20 12). We analyzed our trait
data with and without the major caste of C. foridanaur and C.
maculatus separately since Campomatus majors would affect
overall species comparisons distinctly due to their enlarged
heads and overall different morphological proportions come-
pared to minor and media workers. For the SGH, Kaspari
and Weiser {1999} excluded individuals of the major casie
from their analyses.

Using ordinary least square (OLS) regression, we cal-
culated a and kb in the scaling equation ¥ = aX*, with ¥ and
X being log, -transformed trait data over all species, once
with the C. floridamus and C. maculatus majors excluded
and once including them. In addition, we analyzed these
two Campenotus species separately over all three castes.
For a positive allometric relationship of leg length and body
size, the SGH predicts 5> | for linear vs linear measures
(e.g.. LL = aWl**1) and b> 0.333 for linear measures vs
mass LL = aM™ ™ We tesied the null hypothesis of isom-
ety (Hopady sieer’ = 1 Hoipody meeos P=0.333) using a ¢ test
(“slope.test -function 1.

Analyses of running speed
Al data were tested for normality before analysis (with

Shapiro—Wilk tests). We used linear models to comparne the
slope among species and on the different surfaces. A linear

regression over the whole surface gradient would have led to
misleading results, due to the idiosyncratic walking speed of
some species. We used linear models with running speed as
the response variable and the predictor variables species and
surface, which were allowed to interact. For each model, we
used subsets with only two species and either the smooth-
sand or the sand-gravel gradient, resulting in pairwise spe-
cies comparisons. We tested the homogeneity of variance of
the running speed between species using a Levene's test [R
package “car”, John and Weisberg (2011)] and analyzed the
LMz using ANOVA. A non-significant interaction of species
and surface indicated a similar slope of two species.

Results

Morphometric measurements and allometric
analyses

The workers of the different species we measured covered a
range from a mean of 1.31-3.98 mm in Weber’s length and
a body mass range from 0.89 up to 872 mg (Table 1; Fig. 1).
The allometric analyses corroborated the evolutionary predic-
tion of the SGH (Kaspari and Weiser 1999) as leg length of
the species increasaed allometrically with Weber's length and
pronotum width, with the scaling exponent b= 1 and body
mass with &>0.333 (Table 2). However, when we included the
major workers of C. floridamus and C. macwlatus in the analy-
ses, the slope for all analyses (grey line Fig. 1b)was reduced,
resulting in an isome tric relationship (b= 1) of Weber's length
and leg length (Table 2). Thus, within these two polymorphic
Camponoius species, leg length did not increase allometrically
with Weber's length. In both species, larger specimens did not
have proportionally longer legs than smaller specimens: (C.

Table 1 Overview ower the

A BB Species WL (mm) PW {mm} LL {mm} LL/AWL {mm) Body mass (mg)

length (WL), pronotum width C. moculatw—major 398 182 7.19 181 872

ﬂa;::ﬁ :Engt :&Eﬁﬁ LS:;]: C. miaculof ws—medio im 154 707 1. ER 562

as well & the relative leg kength C. miacslarms—esinor 335 1.22 62 1.85 2463

(LL/WL) and body mass . e icfetrio s— mcfor 135 1.65 537 165 582
C. floridare—miedia im 1.77 468 1.73 7
C. floridarcs—rminor 138 103 418 1.75 143
F. seriguiviea 156 122 419 1&3 27T
E. ruifibarbis 233 (1 39 167 2m
F. cunicularia 119 0ee 385 1aa 195
C. spec. 2115 0ED 416 1493 134
F. fuscocineren 192 OET 3z laz 13
L. fuligiross 152 0ET 3 21z 169
L. niger 131 o7 219 167 089
Values stade the mean trait value for each species and caste
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Fig. 1 Relationship between body sime (Weber's length and body
weight) and leg length of all measured ants (n=286) using log10-
transformed trait values. a The solid line represents the slope of ordi-
nary least square (OLS) mgression (only worker ants)y; the dashed
line indicates sometry (scaling exponent b=1). b The =olid line rep-

Sloridarues LL = 034 WL 273 < Tand 11, = 050 M 017 < 033
C. maculatus LL = 0.47 WL " and LL =075 M *13),

Analyses of running speed

An increasing surface rugosity led to a decrease of running
spead in all tested species and both ex periments. However,
the response to increasing surface rugosity was highly species-
specific (Fig. 2). In the interspecific comparison among the
seven species, the majority of species showed a nearly linear
decreased speed while F. sanguinea and F. cuniculariz showed
an increased running speed from ‘sand’ to “gravel’ (Fig. 2a).
Comparing the running speed of the different castes of both
pobymorphic Campeomatus species, we found that C. floridanus
maintained a rather high mnning speed over the whole sur-
face rugosity gradient. while C. maculatus was overall faster
but lost considerable amounts of speed with increased surface
rugosity (Fig. 2b).

Comparing the number of strides on the different surfaces
between the species. it stands out that all spacies were rather
consistent in their number of strides, except for L. niger and
F. fuscocinerea which increased their number of strides along
the surface gradient (Fig. 53). The comparizon of both poly-
morphic Campencotus species showed a consistent number
of strides within species as well, with a slight increase of C.
macnlatus medias and majors on “very fine sand” (Fig. 54).

Running speed and body size

Running speed did not consistently increase with increas-
ing body size and leg length. In all species running speed

o

99

i@

05 T s 10
Tialy mass g — boghll sransfirmed

msents the slope of the OLS megressions with C. foridanus and C.
moculanis majors imcluded (grey) and excluded (black). The dashed
line represents the scaling exponent b=10.333. For regression statis-
tics, see Table 2

was highest on the smooth surface. Especially on this
surface speed did not distinctly increase with body size.
While F. sanguinea was the largest and fastest Formica
species, the second fastest species, F. fuscocinerea, was
the smallest (Figs. 1. 2a). In spite of being intermediate
in body size and having relatively long legs Camponotus
spec. was the slowest on nearly all surfaces (Table 1).

In intraspecific comparisons, media workers were fast-
est in C. maculatus. They were similar in WL and LL
to their majors (Fig. la), but distinctly lighter (Fig. 1b:
Tahle 1). In €. foridanus, the minor caste was the fastast.

The response of similarly sized spedes to increasing
surface rugosity

F. cunicularia and F. rufibarbis were relatively similar-
sized in WL, PW, and LL (Table 1}. According to theory,
both species should have a similar running speed and simi-
lar speed reduction on more rugose surfaces. However,
F. cunicularia was 1.36x faster than F. rufibarbis on the
‘smooth’ surface but lost 48% of its speed on “sand”, while
F. cunicularia lost only 17%.

The effect sizes (F values) in Table 3 state how differ-
ent the slopes of two species between two surfaces were,
with increasing F values indicating larger differences.
Most species had significantly different slopes compared
to the next smaller species (except F. fuscocinerea, and L.
fuliginosus with L. niger on smooth-sand), indicating that
they slowed down less or stronger than the smaller species.
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Discussion

Since the SGH was published in 1999 (Kaspari and Weiser
1999, multiple studies found support for its evolutionary
and ecological prediction. In accordance with the evolu-
tionary prediction, we found that leg langth of the spe-
cies increased allometrically with body size, measured as
Weber's length or body mass. These results corroborate
the results of (Kaspari and Weiser 1999; Espadaler and
Gomez 2001; Parr et al. 2003; partly Kaspari and Weiser
2007). Interastingly, this pattern was not found in intraspe-
cific comparisons within the two size-polymorphic Cam-
ponotus species we tested. In C. floridanus, the relative
keg length decreased with increasing body length and body
mass. In C. maculatus specimens of the major caste had
distinctly shorter legs, relative to their large body size,
which is in line with the findings of Willott et al. (2000
and Frizzi (2018) in polymorphic harvester ants.

The running speed shapes the way of life of ermestrial,
flightless organisms. For ants, running speed defines fac-
tors such as home range size, foraging mode or predator
avoidance. Simultanecusly, the running speed is influ-
enced by the species” morphology and behavior (intrinsic
factors), the habitat structure and the ambient temperature
(extrinsic factors). As many ants have overlapping trophic
niches they often compete aggressively for resources. A
high running speed allows ants to reduce exploitation
competition since they are able to discover food resources
first {e.g., Fellers 1987; Gibb and Parr 2010; Radnan et al.
2018). Here, we studied the running speed of differently
siged ant species and investigated how different species,
but also differently sized workars within polymorphic spe-
cies responded to increasing surface roughness.

In the interspecific comparison of running speed among
seven ant species measured on three different surfaces did
not increase with body size and leg length. F. fuscocinerea
is smaller than F. cunicwlaria and F. rufibarkis, but was
significantly faster on the smooth surface and sand. Like-
wise, L. miger, the smallest species, had a running speed
similar to the distinctly larger F. rufibarbis. Thus, small
species have the potential to have a higher running speed
than larger species, if not limited by obstacles. On a more
rugose surface, like sand or gravel, the smaller species
lost speed with F. fuscocinerea and L. niger being among
the slowest on gravel. These idiosyncratic patterns sug-
gast @ very species-specific response on increasing surface
roughness and that running speed is not only determined
by leg length, but also other factors.

Yanoviak et al. (2017) measured the running speed of
four commaon tropical arboreal ant species on different
plant surface rugosities and found that the largest species
(Cephalotes atratus) and the smallest (Crematogaster
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Fig. 2 Rumning speed of ant species on different surfaces. a Among
species comparison of experiment one over the three different sur-
faces. b Comparison of the different Camponatus castes of both
species over the six different surfaces. Points are meams. whisk-

Table 3 Statistical. interspecific comparisons.

PR mm

Sand
EE-5 )

Graval
2-3 mrm

Smacth  0.1-0.3 mm 0.4-08 mm 1-2 mm

ers are standard errors of the 30 speed measurements per species
and surface. In the legend. species ame named in declining body size
(Weber's length)

F. sanguiviea FE. nifibar bis FE. cunicularia C. spec. F fuscocirerea L fuliginoses L miger
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E rafibarbis E298 I Bo.62 b ¥ g 3568 .. L 447  wes
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L fuligincsus 4016 - 430 - 2234 — 3630 — 1593 4= 315 (LaE
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Result of linear models with the runming speed as the msponse variable and the predictor varizbles species and surface which were allowed to
interact. Shown are the results of the interaction. A non-significant interaction indicates similar slopes of the two species, while a significant
interaction indicates that the change in running speed over the different surfaces differs between the respective species. Yalues with italics show
the comparison between the surface “smooth” and ‘sand’, underlined values show the comparison from “sand” to “gravel”. Species ae arranged in

declining body-size order from keft to right and top to botiom

brasiliensiz) lost less speed than the two medivm-sized
species (Azteca trigona and Delichoderus bispinosus)
with increasing rugosities. The spectrum of sizes of the
species tested in our study was comparable to that of the
respective species studied by Yanoviak et al. (2017). Their
medium-sized species are similar in body size range to the
Formica species tested here, and their smallest matches
approximately with Lasius niger. The large Cephalotes
had even longer legs than our Camponotus species. Here,

we also found that the medium-sized Formica species are
more affected than the large Camponatus species.
Within the two polymorphic Camponotus species, the
smaller C. floridanus was less affected by increasing rugo-
sity than the larger C. maculatus, since the speed reduction
from smooth to the most rugose “gravel” surface was lower
for all castes. The differences in running speed between the
size groups within and between both species suggest that
the running speed is influenced by the body weight as well
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as the species-specific abilitizs to walk on loose surfaces.
While C. maculatus minors and medias wemne able to main-
tain their speed on the other sand surfaces, the speed of the
heavier major workers dropped again on the “sand’-surface.
The ‘sand” grains appear to be looser than the smaller, but
more condensed ‘fine sand’ grains. This lack of surface sta-
bility might have led to the observed slower speed of the
heavier ants. Wi assume that the weight is the crucial factor,
since the lighter castes and the other, lighter species were not
affected. Although the light F. sanguinea and F. cunicularia
slowed down on the ‘sand’ surface as well, both species
increased their number of steps (Fig. 53), which C. macula-
s majors did not. Thus, in contrast duC. maculatus majors
the two Formica species seem to be able to behaviourally
adjust their locomotion to deal with the surface structure.
Yanoviak et al. (2017} found, e.g., that a species can run
stably on solid surfaces of different rugosity, but slows down
on softer surfaces such as moss or lose sand like in the pre-
sent study.

Ants walk using a tripod gait with not more than three
legs in the air at any time (Zollikofer 1994a; Reinhardt
and Blickhan 2014). The front and the rear leg of one side
and the middle leg of the other side move simultaneously
during a stride. The mean stride kength and tripod size ane
limited by the leg length and constant across species when
measured on smooth surfaces [except for fast running desert
ants (Zollikofer 1994b; Collatt et al. 2006)] while stride fra-
quency varies interspecifically (Zollikofer 1994b). Thus,
ants increase their running speed by increasing their stride
frequency and ants likely adjust their stride frequency to
different surface structures. When measured on a smooth
surface, Zollikofer (1994b) found a much higher stride fre-
quency in L. miger and F. fuscocinerea than in other tested
species, including species of similar body size. Here, these
two species showed the highest number of strides per 3 cm
as well (Fig 53). This high stride frequency could explain
their high running speed on the smoothest surface. Both spe-
cies also showed the largest increase in stride number on
‘sand” and “gravel” compared to the other species, but still
had a slower running speed. These relatively small species
must deal with the vertical distance of large obstacles (sand/
gravel grainshwhich they have to climb over. This increased
total running distance is highly dependent on the species size
and unfortunately could not be measured here.

These findings fit with the predictions of the SGH where
larger species can walk over obstacles while smaller species
have to walk around them. Beside the siride frequency. ants
might reduce their stride length as well to keep their stability
on very rugose surfaces, which would reduce running speed
tremendously though. Another possibility would be that spe-
cies reduce stride length but increase their locomotory rake.
Therewith, the decrease in running speed would be mainly
driven by the increased walking distance.

& Spinger

Since the absolute leg length determines the stride length,
ants with longer legs, relative to their body length, should
show higher running speeds than ants of species with r2la-
tively shorier legs. In addition, the longer legs should be less
sensilive Lo increasing surface rugosity because they can step
over ohstacles. Indead, the rather small, but relatively long-
kegged L. fuliginosus is less affected by increasing rugosity
than I. miger or F. fuscocinerea and showed a similar run-
ning spead as the distinctly larger F. rufibarkis. But these
effects are not generalizable and rather species-specific as
can be seen at C. spec. This species had the second highest
relative leg length of all species but was distinctly slower
than smaller, shorter legged species.

Making simple predictions on a species’ running speed
based on morphology only is difficult. In spite of being of
similar size and body shape the running speed of F. comicu-
laria and F. rufibarbix differs significantly. Seifert (2007)
noted that both species preferred open, sandy habitats, but
F. cunicularia could be found more often in tall grass mead-
ows while F. rufibarbis avoids areas with dense ve getation.
Both species also have similar food preferences {Seifert
2017) which would make them competitors when shar-
ing a habitat. Since F. rufibarbis is more aggressive and
competitive, the running patterns of F. cumicularia, which
enables higher speed on the most rugose surface ‘gravel’,
might bring advantages in highly complex habitats such
as tall prass meadows. Oster and Wilson {1978) discussed
the idea that different ant species. often of similar size or
OCCUTing in similar climates, appear to vary in the i2mpo
of foraging activity, and that this variation may reflect dif-
ferent szlective foraging sirategies. Yanoviak et al. (2017),
e.2., found that opportunistic species were faster runners and
discovered baits earlier than similar-sized mome aggressive
species. Hence, the running speed is of crucial importance
in communities where the discovery-dominance trade-off is
present (Fellers 1987) and less dominant species depend on
arapid discovery of available resources.

Comparing the running speed of F. cunicularia and F.
fuscocinerea, it stands out that the latter has the strongest
loss of speed of all species with increasing surface rugosity.
‘While faster on ‘smooth’ and ‘sand” than F. cumicularia, it
is distinctly slower on "gravel’. This pattern might explain
the distribution of these species in their natural habitat in
which F. fuscocinerea excludes F. cunicularia on open sur-
faces within a habitat; but when co-occurring in meadows,
F. cunicularia frequently replaces F. fuscocinerea (personal
observation by the first author). Hence, while the SGH
assumes that, basad on the rather similar morphology, both
species should respond similarly to increasing rugosity. our
findings show that a species’ behavior influences the move-
ment patterns strongly (Slipiriski and Zmihorski 2017).

Thus, in general, we found support for the evolutionary
prediction of the SGH since lag length increased with body
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size. However, results were ambiguous for its ecological
prediction. While large species were able to sustain their
speed on increasing surface rugosity, small species slowed
down distinctly. This suggests that these species use the
same landscape differently. The effect of surface rugosity
was the strongest for medium-sized ants, but responses
were idiosyneratic and species-specific. Within species,
different morphological castes reacted differently which
may suggest caste-specific task allocations. Our results
indicate that it is overall difficult to make precise predic-
tions of the running speed by a species’ morphological
traits as leg length {in absolute and melative values) appears
not to be a strong predictor for running speed on different
surfaces. Other, species-specific factors such as stride fre-
quency or the species” behavior can influence the running
speed tremendously. The detected differences in running
spead on different surfaces obtained in our lab experiments
can contribute to the understanding of competitive interac-
tions betwean ant species in the field.
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Fig. S1 The different surfaces used in this study under 20x magnification. The grain sizes are

stated above each picture.
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Fig. S2 Design of the arenas used in the experiments
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F. sanguinea
=& F. rufibarbis
=@ F. cunicularia
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Fig. S3 The number of strides per species made to walk the measured five centimeters over the
different surfaces. A stride was defined as the setting down of a foot to the setting down of the

same foot.
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Fig. S4 Comparison of the number of strides of the different Camponotus castes of both species
made to walk the measured five centimetres over the six different surfaces. A stride was defined
as the setting down of a foot to the setting down of the same foot. Due to color variation of the

“1-2 mm” sand, it was not possible to count the exact number of strides, as the contours of the

legs became fuzzy.
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