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Summary

European, temperate terrestrial ecosystems are shaped and managed by humatisisimae mi
While grasslands were consistently managedlow intensities over centuries, forest
management changed multiple times over time and each change had an immense imgact on th
structure of forest ecosystems. Since the last decades, the management ilorbethid
changing, but in opposite directions. Today, highly diverse grasslands arertbcehy and

use intensification, while reciprocallfgrests are transfored from intensively used evemged
monocultures to unevesiged multispecies stands in order to promote biodiversity. How
species communities are affected by management and how they respond to chahkggs, are
guestions in ecology. But especially for some keystone taxa such as ants wtkobwan to

be responsive to management, they are still not sufficiently understood. In mptas&ia
example,the underlying mechanisnisading 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 effeatanraanities

in tropical, and a positive effect in boreal forests. However, in temperatésfatas unclear
what components of forest management affect ant communities and how.

In my first manuscript, | studied thikrect and indirect effects of langse intensification on ant
communities in temperate grasslands which vwsam@pled on 110 grassland plots in three
regions in Germany. The sampled grasslands are used as meadows or pastgreswe)
grazed or fertilized at different intensities. | found that ant species sshfnctional trait
space of communities and abundance of nests decreased with increasusglarndnsity. The
land-use practice most harmful to ants was mowing, followed by heavy grazing by. cattle
Fertilizationdid not strongly affect ant species richness. Grazing by sheep increaspdaes
richness. The effect of mowing differed between species and most rare spediesiooainly

in plots managed at low intensity. The results showrtiating less frequently or later in the
season would retain a higher ant species richnssusilarly to most other grassland taXdne
transformation from pasturesitdensively manged meadows and especially mowing directly
affects ants via the destruction of nests and indirectly via loss of grasslamdgeekity
(reduced plant species richness) and increased soil moisture by shadistggob\fiang plant
species.

In my second manuscript, | explored the direct and indirect effects of foreageraent on the
taxonomic and functional diversity of ant communities in 150 temperate forest sBtahdse

regions in Germany. | analyzed the effects of 18 variables, includingbleiaf forest
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management, forest structure, arthropod diversity, and biomass, as webtasfabiors, on

ant species richness, abundance, and functional trait diversity. Main efifects of forest
management on ant abundance and species richness were caused by tree speoies selecti
measured as dominant tree species. The main positive indirect effect watecthey a reduced
canopy cover with an increasing proportion of oak and pine, which results in a higher
temperature amplitude. Functional diversity, based ornigtery traits, was affected positively

by tree harvesting and negatively by structural complexity. This stbhdwssthat forest
management practices in temperate forests strongly impact the ant comnrunttye. This

can be beneficial foants if management reduces the canopy cover, either by tree harvesting or
by changing the tree species composition towards shade-intolerant tes.spe promote ant
diversity as key taxon for maintaining ecosystem processes in foresttecosy$ sugest
integrating forest stands with more open and warmer conditions in future management
strategies.

In my first two manuscripts, | could show that ant communities respond to changes ih habita
structures and that species with certain (morphological Bsadistory) traits are more sensitive
towards management intensification than others. Thus, the question arises whitshean be

used to predict how a species is affected by changes in habitat structures b@radea view

and based on other stuslidnow reliable are morphological traits as functional traits?

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

management will change species communities, but spgpexsfic forecasts remain difficult.



Zusammenfassing

Die terrestrischen Okosysteme werden in Europa seit Jahrtausenden vom éviensch
bewirtschaftet und geformt. Wahrend Wiesen und Weiden tber Jahrhunderte durchgéngig mi
geringer Intensitat bewirtschaftet wurden, veranderte sich die fasstvaft mehrdch mit der

Zeit und jede Veranderung hatte immensen Einfluss auf die Struktur und Okusydbe
Walder. In den letzten Jahrzehnten verédnderte sich die Bewirtschaftunglém li&omen,
allerdings in unterschiedliche Richtungen. Grasflachen, die einenerDiversitat aufweisen,
werden nun durch eine intensivierende Bewirtschaftung bedroht. Gleichzeitignwafalder

von intensiv genutzten Monokulturen zu naturnéaheren, baumartenreicheren Waldern verandert,
um die Biodiversitat in ihnen zu schitzen und zu erhéhen.

Wie Artgemeinschaften von Waldind Landbewirtschaftung beeinflusst werden und wie sie
auf daraus resultierende Veranderungen reagieren ist eine noch immer sidaithamd
verstandene Grundfrage in der Okologie. Dies gilt besonders fiir Schluppelgy wie etwa
Ameisen von denen bekannt ist, dass sie auf Landnutzung reagieren. Welche genauen
Mechanismen zu einer Reduzierung vom Artenreichtum oder zu Veranderungen in
Artgemeinschaften fuhren, ist jedoch nicht ausreichend erforscht. Im Wald Effelet von
Forstwirtschaft auf Ameisen variabel und ist in den Tropen eher negativ und in dalebor
Zone eher positiv. Welchen Effekt Forstwirtschaft in der gemaRigten Zatnest bisher nicht
bekannt.

In meinem ersten Manuskript erforsche ich die direkten und indirekten Effekte
intensivierter Landnutzung auf Ameisengemeinschaften in den gemafigtem Bites auf 110
Grasflachen in drei Regionen in Deutschland gesammelt wurden. Diese Gesfidrden als
Wiesen und Weiden bewirtschaftet und verschieden intensiv gemaht, gedingt und beweidet.
Ich fand heraus, dass der Artenreichtum, die Variabilitdt der funktionellen Merkamer
Gemeinschaft, sowie die Anzahl der Nester sich mit intensiverer Landnutzuimged.

Haufiges Mahen hatte dieasksten, negativen Einfliisse, gefolgt von Uberweidung durch
Rinder. Dingung hatte keinen direkten Einfluss auf Ameisen. Beweidung durch Sbibate e
hingegen den Artenreichtum. Der Effekt vom haufigen Méahen variierte zwischen den
Ameisenarten und besondelie seltenen Arten wurden zumeist nur auf wenig bewirtschafteten
Flachen gefunden. Die Ergebnisse zeigen, dass Ameisen, é&hnlich wie andere
Organismengruppen im Grasland, von einer weniger haufigen oder eine zeitlerle $ppéhd

stark profitieren wirden. Die Umwandlung von Weiden in intensiv genutzte Eséimsowie

das Mahen hat direkte, negative Effekte durch die Zerstérung der Nester und irichiekie
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durch den Verlust von Heterogenitat (durch reduzierte Pflanzen-Diversitéat)nerchéheren
Bodenfeuchtigkeit durch schnellwachsende Grasarten.

In meinem zweiten Manuskript erforsche ich die direkten und indirekten Effekte von
Forstwirtschaft auf den Artenreichtum und die funktionelle Diversitat auf genein 150
Waldflachen, wieder aus drei Regionen in Deutschland. Ich analysiere ds ¥h 18
Variablen, unter anderem Forstwirtschaft, Waldstruktur, Diversitat und d&isen von
Arthropoden, sowie auch abiotische Faktoren, auf die Am&sesrsitat (Artenreichtum,
Abundanz und funktionelle Diversitat).

Die starksten direkten Effekte von Forstwirtschaft auf die Anzahl arigenarten und
Individuen hat die Auswahl der Baumart, die im Wald vorherrscht. Dabei hatte demgrofi3te
positiven indirekten Effekt hat eine geringe Baumkronenabdeckung, etwa durch einen hohen
Anteil an Eichen und Kiefern, éieine tagstiber erhéhte Temperatur im Wald erméglichen. Das
Ausdinnen des Waldes, sowie eine weniger komplexe Waldstruktur fihrte zu einer Erhéhung
der funktionellen ,life-history*Diversitat. Diese Studie zeigt, dass Forstwirtschaft einen
starken Einflussauf die Struktur von Ameisengemeinschaften hat. Dieser Einfluss kann sich
positiv auf Ameisen auswirken, wenn er zu einem lichteren Wald fuhrt, etwa durch das
Herausnehmen von einzelnen Baumen oder dem Anpflanzen von Lichtbaumarten. Um die
Diversitat von Ameisen und ihren Einfluss auf das Okosystem Wald zu foérdern, emplfehle i
die Managementstrategien, die zu einem lichteren und warmeren Wald fuhren.

In meinen ersten beiden Manuskripten konnte ich zeigen, dass Ameisengemignsataf
Anderungen in der &bitatstruktur reagieren und das Arten mit bestimmten (morphologischen
sowie life-history) Merkmalen sensibler fur Veranderungen sind als andere. Darauerresult

die Frage ob man bestimmte Merkmalsausprdgungen dazu nutzen kann um die Reaktion einer
Art auf Verdnderungen in der Habitatstruktur abzuschatzen. Oder grober gemagtmiin

einem morphologischen Merkmal eine klare Funktion zuordnen?

Diese Frage versuche ich in meinem dritten Manuskript zu beantwortaesémdvergleiche

ich die Laufgeschwindigkeit verschieden grofer Ameisenarten (Korpergrial3Beinlange)

auf unterschiedlich strukturierten Oberflachen, die verschieden komplexetdadarstellen
sollen. Die Beinlange eines Tieres ist generell als guter Pradikatoefliadigeschwindigkeit
angesehen und theoretisch sollten gleich grol3e Arten auch ahnliche Reaktionen auf
Veranderungen zeigen. Allerdings war das Gegenteil der Fall und die BeiBmies sich als

kein guter Pradiktor fur Laufgeschwindigkeit. Zudem reagierten glea@®®g Arten sehr
unterschiedlich auf zunehmende Oberflachenstruktur, die auf artspezifischecbitge in

den bevorzugten Habitaten zurtickzufihren ist. Diese Erkenntnis zeigt, dass esigad$iwie
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genaue Erwartungen zu formulieren wie ein Tier auf Habitatverdnderurigrteagnn man
nur dessen Morphologie betrachtet. Basierend auf den ErkenntnissenealMaduskripte ist
es moglich abzuschatzen wie zuklnftige Bewirtschaftung Ameisengemegiesc

beeinflussen wird, jedoch sind artgenaue Vorhersagen nur isoftvgdich.



Introduction

Grassland management in temperate Europe

European terrestrial ecosystems are shaped and managed by humans smcanhihturally,
about 95% of the temperate forest zone of Central Europe would be covered by fores
dominatedoy deciduous trees, and only interrupted by marshes, bogs or rock{tleiserg
1996, Ruther and Walentowski 2008). But today, undisturbed regions with prime'gs fare
rare and very limited in size and the rest is covered with grassland, farmland ounaal
areas.
Based on pollen studies, mankind started changing forest structures arebgixaly cutting
down the closed forests to transform land into fields and meadows approximately 5@00 year
ago (Kuster 1996, Ruther and Walentowski 2Q08he created temperate grasslands were
mostly managed by grazing of domestic livestock and haym@Rumsghlod and WallisDeVries
2002, Habel et al. 2013)he need for grazers to sustain temperate grasslands is the reason why
this ecosystem is often named “sematural”’(Hejcman et al. 2013).
Independently of their origin, temperate grasslands were managed at low iesefmiti
millennia and accumulated a huge amount of biodiversity. Especially vascatarsplecies
richness can be extremely high at small spatial scales with up to 76 spéuesmwone square
meter (Sammul et al. 2003)r 98 species on 10 square meters (Dengler et al. 2012). This
exceeds plant diversity in any other ecosystem (at least at this small spatigVgtats) et al.
2012) Along with plant diversity, temperate grasslands harbor a very high arthropod djversity
which relies on the vegetation as habitat and nutritional base of arthropod foo@Muethsch
et al. 1972, Tilman 1986).he grasslands were managed extensively for centuries as mostly
unfertilized meadows with one or two cuts per year for haymaking, or asgsftura low
number of livestock like cattle or sheep. This extensive management is thought tabéene
main factors causing high plant species richieastel et al. 2005, Hejcman et al. 2013, Chytry
et al. 2015)and is needed for continuity of semi-natural grasslands to prsgmrii and tree
encroachment and associated diversity declines (Ratajczak et al. 3@ terrestrial
ecosystems are managed by mankind all over Europe and large parts of the teroperate z
can be assumed that most of today's species comesu@ite 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 managemerty iotens
management typ@addad et al. 2000, Morris 2000, Joern and Laws 2013).
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The effect of grassland management and its intensification on biodivetyg

With the beginning of the J0century, semnatural grasslands across Europe were exposed to
habitat destruction and fragmentation. This is due to the abandonment of traditional
management practicé€blallanaro et al. 2002and management intensification by additional
fertilization or liming, increased number of cuts per year and higher stockes]jlsselstein

et al. 2005). With the improvement of the agronomic potential of grasslands, biodiversity
decreased. Todaynduse change (the alteration from one lause type to another), and land-
use intensificationwithin 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 landise intensification, the loss of senatural grasslands is immense. In Sweden
for example, seranatural grasslandssed as pastures have been reduced by almost 90% over
the past 80 years (Bernes 1984y similar patterns can be found across Europe (Luoto et al.
2009) The risk is very clear andabel et al. (2013)ames European grasslands a “threatened
hotspot of biodiversity”.

Overall, multiple studies found a significant andgmng loss of general insect specietness
aaoss 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. (204 8howed

a biomass reduction of 75% in flying insects over 30 years in various sitesma@eHabel

et al. (2019Yyeviewed these studies and stated: “Agricultural intensification is the maer driv

of recent terrestrial insect decline, through habitat loss, reduced functiomaativity, overly
intense management, nitrogen influx, ame of other fertilizers, as well as application of
harmful pesticides”.



Figure 1. a) Meadow managed at high intensities, dominated by fast-growing pléaes sjpelc

a very low number of flowering plant species; b) Freshly mown high-intensitbagea
meadow without any remaining flowers; c) Example of overgrazing by #edngse, which

result in similarly structured grassland as high mowing intensities.



In grassland ecosystems, increasing land use has been shown tospezhies richness and
abundace 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. @14, Allan et al. 2014, Chisté et al. 20E8)d overall functional diversity of
communities(Flynn et al. 2009, Birkhofer et al. 2015b, Blithgen et al. 20H&wever,
generalizations are hard to make since, for exa@pi®ns et al. (2017pund no effects on
taxonomic richness across groups with increasing land-use intensificakiewide,Birkhofer

et al. (2017)found no generallyeduced trait diversity. However, both studies found that
different taxa varied in their response to increased land use or differeag@naent practices.
Importantly, the effects of each lande component can differ in strength or direc{i®acher

et al. 2012, Simons et al. 2014, Gossner et al. 204 already stated, the three management
practices used in agricultural grasslands are mowing, fertilizatiograathg (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 activemertagr indirect

as the response of species to the actual management. Directa#eicisexample the killing

of individuals by machines during mowing events (Thorbek Bitde 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. 201fi¢ plant removal, trampling

and soil compression by grazers (Helden et al. 2010, van Klink et al. 2015).

Theindirect effectof grassland management change grasslands in a more extensive manner:
Fertilizationand mowing are often highly correlated (Blithgen et al. 2@h@)high intensities

of both support fast-growing, dominant grass species (Socher et al. Z8&2¢ grass species
outcompete other plants resulting in a decrease of plant diversity (Harpole aad 20®7)

and the accompanying decrease of herbivorous and predatory arthropod diversitys(&t

al. 2014). Mowing has been demonstrated to have the strongest neffatit® @ multiple
biotas(Gossner et al. 2016n extremes, frequent mowing creates laike grasslands with

very reduced plant species richness and low number of flowers (Figurewlfach)harbour a

low arthropod species richness, dominated by opportunists and distutbkemaat speciefDi

Giulio et al. 2001, Gossner et al. 2014, Simons et al. 2015).

Compared to mowing, grazers as selective feeddfiect plants and the whole biotic
environment in a much patchier manner and simplify or thin out vegetation an(Hetden

et al. 2010). Therewith, grazing can increase plant diversity if, for example ddmiast-
growing species are reduced by the grazers, which create gaps for lesanimpecies

(Stewart and Pullin 2008 hese 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 specie
richness to mowig (Figure 1c).

Fertilization has negative effects on plant diversity since the mainly domiaatgydwing

plant species benefit of the increased nitrogen and other nutrients avgitaduilioutcompete

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 &#P40f 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 laoedif®rests,
which covered up to 95% of Central Europe, were managed with different strategfes and
different purposes and their structsire&ehanged considerably over tim{@®uther and
Walentowski 2008, Leuschner and Ellenberg 2017). Today, only about 0.2% of the deciduous
forests are in a relatively natural sté@t@annah et al. 1995).

In temperate Europe, forest management started about 5000 years ago withgogppicategy
where trees are cut down to a stump but regrow with multiple gtatser and Walentowski
2008) Large parts of European forests weraniaged this way for centuries which changed
forest structures but maintained and supported mainly Heaaed tree species. During the
Middle Ages, coppicing with standards was established. Here, certainittess 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 ngi¢gh de
settlement and livestodkeeping, as oaks provide e.g. food for pigs, and forests were thinned
out over wideareas. At the same time, reforestation of deserted places started for iwhedr p
species with few demands like pir@irfug and spruceRiceg trees were commonly chosen
(Ruther 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 heterogemests f
landscape.

In the 18" century, coppicing started to decline and the forest system (coppice forests) of

the Middle Ages were replaced by a higihest system which consists usually of large, mature
trees with a closed canopy. Probatiue to a lack of timber, forestry changed to economically

more profitable management (Schelhaas et al. 2003, Rackham t@0&jeclass forests. This
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forest type consists of evenly aged, homogeneous, dense, single-spexiesBie main tree
species are conifers lik€inus sylvestris Picea abiesand the introduced Douglas fir
Pseudotsuga menzigswhich can be harvested in shorter rotation cycles than most broad-
leaved trees.

The gradual change from broad-leaved to conifer-dominated forests which starellliddiee

Ages was driven by the age-class forestry and in tHec@6tury, where large parts oeftral
European forests consist of coniferous monocultures. In 2012, European $§liceeeapiey

was the most common tree species in Germany with a percentage of 25.4% immalhGer
forests, followed by Scots pin@ifus sylvests) with 22.3%, beechHagus sylvatica with
15.4%, and 10.4% oak®(ercus robuor Q. patreg (Bundeswaldinventur 3).

These plantatiofike evenaged forests are designed and managed to maximize productivity
and forest attributes such as old trees, deadwood or gaps in the asmopgely lacking. Due

to the lack of smalscale disturbances, not enough light can reach the ground to enable the
growth of understory, especially in spruce forests (Figure 2a). When thageencommercial
forests reach a certain rotation age, they are logged byatl#arg which create large scale
openings. This management system was established in large parts acopes But it turned

out that everaged forests in cleaiut systems are vulnerable to soil degradation, an infestation
of pest insect or natural disturbances such as wind throw. As a result, foreshgistgraed to
change management towards selective logging systems which maintainechaqgrerfarest
cover by removing only single trees in forest stands or by shelterwood cHittireg.cohorts of
evenaged trees are replaced by younger evenly aged cohort through repeates cwibir
decadeg¢Schall et al. 2018). However, as these systems are based on thoescthey do not

differ fundamentally from eveaged cleacut systemgJacobson 2001).

Since the 1950s, alternative silvicultural strategies to the-aged foest were developed,
particularly in economically developed countries (Brukas and Weber 2009, Pueténal.

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 dfrfaeagement

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. 1R015)
Germany, the decline of forests came to public perception when pest iasdatsndthrow
damaged large forest areas in the 1980s. As a result, the close to natimg fehésh started

in the 1950s (Jacobson 2001), increased in popularity and their guideline is integratee into t
forest programs across Europe today (Pro Silva 2012). This management approach is

characterized by unevaged forest stands with iitiple tree species which differ in tree age
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and size. The applied methods try to sustain a continuous forest cover, avoidancecftglear
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-agaspenids

stands was promoted by planting seedlings or young trees under the canopyaititeenees.

This type of management resulted in an increased vertical heterogeneity andammex
standstructures with oldgrowth attributes such as deadwood or large veteran(Beebius et

al. 2009, Puettmann et al. 2015, Messier et al. 2015, Ehbrecht et al. B&d&y, about 80%

of oak and beech forests in Germany show two or more vertical layers and largé peatisre

pine stands consist of regeneration layers of beech and oak trees (Bundeswalds¥egue

2b).

e Tl |

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

ground; b) Adult pine trees with regeneration layers of beech.

12



The effect of forest management on biodiversity

Although it is generally thought to be beneficial for biodiversity, little evogefor positive
effects of uneveraged forests compared to managed, even-aged forests was found. At smaller
scales, unmanagddrests, in general, are said to contain more species than managed forests
(Qkland et al. 2003). In a revieWwaillet et al. (2010jound a marginally negative effect of
forest management on total species richness over multiple taxa, with more dpecies
unmanaged fosts. However, for plants, agéass managed forests harbor more species than
unmanaged forests (Boch et al. 20¥8)egro and Sciaky (2003ndFuller et al. (2008jound

a shift in species communities from forest specialists to habitat generalist) begative
effects of forest management on ground beetles richness when comparing famolarasd
natural woods in Italy, or comparing coniferous and broadleaved forests in the UK.

But overall, the effects of forest management on biodiversity are still aiethate(Siitonen
2001)and different arthropod groups respond differently to forest manag¢khaietjue et al.
2009) Low intensity, selective logging has little effects on gredmelling arthropods, but
negative effects arisgith increased management intensi{i@iver et al. 200Q)Besides, the
effects of tree harvesting can have tidedayed effects and e.g. groubdetle species start
disappearingwo years after loggin{Pohl et al. 2007).

Clearcutting is known to be a very destructive management strategy since wiestgfatiches

are removed@Punttila et al. 1991, Niemela 199R)results in habitat loss of i.e. arboreal species
(MacKay et al., 1991) and groumtivelling speciegKaila et al. 1997, Andersson et al. 2012)
due to drastically changed habitat conditions. Other management strategies nehiebsa
extensive, like selective logging or retention logging, are better for biodiwemiservation
(Fedrowitz etal. 2014).

The main effects of forest management are via the change of forest sgw@etdithus, different
habitat heterogeneities and stand structural complexities. Analyzing thss/atudies found

a positive relationship between structural ptewities and biodiversitfTews et al. 2004,
Hiroaki T. Ishii et al. 2004, Jakel and Roth 2004). Forest structures shape bioglsedsiven
smallscale variations like leave sizédeuvonen and Niemel& 198lEad to different shaped
species communitiesdalaj et al. (2000manipulated the habitat complexity of Dougfas-
stands by removing needles and thinning branch axes and foundreased spider species
richness and differently shaped communities in more complex habitats. Imaddiese

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 structudethemesponse of a
single group can even vary between the different forest gtaidinger et al. 2019).

Currently, forests are managed to maintain a continuous canopy cover which includes=eshat

are harvested before their hafé to redwce the risk of tree loss due to natural disturbances or
fungal infestation (Knoke 2003). Overall, these production forests are low in strucreraitgfi

and thus, exhibit a lack of important resources for many species such asesldearly
successional stages ams$pecially deadwood, whose development is suppressed and which is
regularly removedBauhus et al. 2009, Moning and Miller 2009, Meyer and Schmidt 2011,
Larrieu et al. 2018).

Deadwood is a crucial component of forest ecosystems. Many forespadtspecies depend

on deadwood (Lonsdale et al. 2008, Rondeux and Sanchez 2010), such as 56% of all forest
Coleoptera in Germany (Koéhler 2000). Thus, deadwood volume is widely used as amindicat
of forest biodiversity (Lassauce et al. 20ahyl an indicator for sustainable forest management
(MCPFE 2003). Besides saproxylic arthropods (spewikikh are directly or indirectly
dependent on deadwood) also other organisms benefit of deadwood addition such as non-
saproxylic epigeal arthropods (Seibold et al. 201&a) small mammal$auteux et al. 2012)
Besides the amounts of deadwood, also the diameter of dead trees is egld\sdr@pes species
communitie§Gossner et al. 2013).

Seveal studies have found, that biodiversity of saproxylic arthropods is higher itsfords

less dense canopies where more light reaches the ground (Mller et al. 2010, 2015%tLachat
al. 2012, Horak et al. 2014, Seibold et al. 201&&)bold et al. (2016byompared species
communities on different amounts of deadwood between sunny and shady foreshglots a
concluded that habitat heterogeneity andopgnopenness seem to be the major drivers of
saproxylic beetle diversity in temperate forests. The light intensity imestfstand has also
been shown to be an important factor structuring Heteroptera communitien€G2689)
ground beetles (Humphrey et al. 1999) and to support plant diviBsith et al. 2013, Gao et

al. 2014). This plant diversity enhances the vegetational structural compleiith shapes
vertebratgDemarais et al. 2017) and invertebrate diversity (Jakel and Roth 2004).

As mentioned above, current management strategies comprise the admixture d¢dfeshd-
tree speies in coniferous forest stands. But this strategy must be considered with caution. On
the one hand, mixed tree stands harbor more species than pure coniferougl&taidad

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 iiitsai{edorak et al. 2014)

Recently,Schall et al. (20183lso showed that the current management strategies which result
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in multi-layered forests harbor less diversommunities than several singleecies agelass
forests and concludes that the heterogeneity between forest stands is pumtanirnthan
heterogeneity within a forest stand (Scledlal. 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 2BL8)what are the
effects on an ecosystem if certain specig¢sdagt?

Species richness was the dominant measurement for biodiversity for egriGaiston 2000)
but species do not equally contribute to all processes in an ecosystenst@odsyictioning)
(Diaz and Cabido 200Mhich is why biodiversity research must go beyond the concept of
species richness.

“Species are different, but they are not equally differébg&fcheck et al. 2015). Thus, even
within a species group, some species can vary significantly in morpholatgtloistory, while
others show only minor differences. A common way to assess the dissinti&vitgerspecies

is by collecting information or measuring their functional traits. These chasticte are
relevant to define how species interact with the environment and with o#wesgDiaz and
Cabido 2001)pr after the definition of Tilman (2001)hose components of biodiversity that
influence how an ecosystem operates or functions”. The variation of functionabtnats
organisms defines the functional diversity of a species community or a whskestsm. Thus,
the more different specieseain a community, the higher is its functional diversity. But
functional diversity is not necessarily highly correlated with specielnegs, since
communities can consist largely of generalists (low diversity) or canstafisipecies of which
each is pecialized in a different niche (high diversity). Hence, communities evém av
relatively low number of species, can have a very high functional diversity (Ami2608,
StuartSmith et al. 2013). In such functionally diverse but species-poor communitiessshe |
of a species with certain functional traits has more severe effeatsntitammunities where
multiple species have similar functional traits (strong niche overlap) or futfilles ecosystem
functions. Those species-rich communities often have a high functional redundaicty w
buffers the loss of a species within a functional group without a loss of ecosysigions.

In recent years, many comprehensive studies analyzed the effect-oEmdensification on
species communitie§&sossner et al. (201&tudied more than 4000 species belonging to 12

trophic groups and found that species communities are getting more similar wisingr
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land use. Thus, rare species with certain traits get lost and opportindgieneralists remain.
These findings go in line with the study of Soliveres et al. (204®) stated that locally rare
species contribute significantly to grassland multifunctionality, and thus #sermpation of
multiple ecosystem functions and services (Hector and Bagchi 2007, Isbell et al Gih&y

Virués et al. (2015pund that grassland management filters species traits if it leads to a change
in landscape heterogeneity. Especially feeding specialists require higlygeed of
heterogeneity or different land cover types than generalists. As a tbsyltsuggest that a
grassands can be managed also at higher intensities, if less managed grasslands are ne
(GamezVirués et al. 2015)Overall, across taxa, langse intensification leads to a loss of rare
(Simons et al. 20159r specialized specig¥Vinfree 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 igemana affect
species, more studies are needed which analyze changes in trait variation and gommuni
composition between different lande types or management intensitiBgkhofer et al.
(2015a)for example found that spiders are sensitive to grassland-managemerityintéres/
showed that at high mowing intensities, rare species and at high grazingjtiese large
species get lost. In addition, frequent cutting changes ground beetle cdiesnasiit led to a
higher abundance of predaceous and omnivorous but a lower abundance of herbivorous species
(Birkhofer et al. 2015aMangels et al. (2017pund that landise intensificatiosignificantly
reduced abundance and species richness as well as diversity of moths, an impariatdrpoll
and herbivore group in grasslands. With high mowing and fertilization intensitespecies

were replaced by highly reproductive habitat gemggalThey conclude that the loss of plant
trait diversity leads to a loss of herbivore diversity (Mangels et al. 2@1ffyding which is
supported by Gossner et al. (2014).

Thus, species communities change under managemensiiintation. Thereby, specialists can

be replaced by generalists, which results in a loss of (functional) dyekhough species
richness does not decrease. Hence, to understand how management affects species
communities, it is necessary to go beydhd species richness approach and to include the
functional trait diversity of a community. But the use of traits requiresrtain knowledge of

the species, time and effort. Therefore, the best choice is to use a taxonspetigs are well
known, which plays a key role in its habitat and is known to be sensitive to management
intensification, such as ants (Formicidae).
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Ants —ecosystem engineers and a key taxon in terrestrial ecosystems

Ants (Hymenoptera, Formicidae) encompass the dominant fraction of animalds{@vlson

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 occurcom&veny
except Antarctica and currently, about 15000 species are ded@diton et al. 2007). Overall,

ant species richness declines with increasing latitudes and altitudes artoest mgtropical
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 temperabe,ragt
species richness is lower, with fewer than 500 species in the USA or Europer§i#dl 998).

Ants are one of the most influential organisms in terrestrial ecosystemsfy reasons. As
ecosystem engineers, ants fulfill numerous ecosystem functions, which ahg relaséd to

food consumptioriBluthgen and Feldhaar 201@nts are generalized scavengg@tslldobler

and Wilson 1990and among the leading arthropod predators in most ecosy@f¢aysand

Khoo 1992, Floren et al. 2002, Dejean et al. 200hey affect the abundance and species
composition of other organisms and can even shape the overall arthropod biodifersity
habitats by interference or intraguild predat{baakso and Séata 2000, Hawes et al. 2002)
Simultaneously, they are prey for invertebrates (Gotelli 1996, Gastreich d®®9rtebrates
(Reiss 2001)Ants alter plant communities (and therewitd twhole ecosystem) as they provide
seed dispersgHowe and Smallwood 1982, Boulay et al. 2007, Lengyel et al. 2009%esd
consumption(Dauber et al. 2006b, Parr and Gibb 2010, Blithgen and Feldhaar Z0&9)
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 grounddwelling 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 ressounto

their nestqFolgarait 1998, Dauber and Wolters 2005, Frouz and Jilkova 2008, Boots et al.
2012) Therewith, they directly or indirectly affect the availability of reses to other species
(Folgarait 1998) Theseimprovements of soil conditions even support greater plant diversity
(Del Toro et al. 2012, Nemec 201ad arbusculanycorrhizal fungi (Dauber et al. 200&8nhd

have the potential to even alter grassland productivity (Dean et al.. B2pBcially 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 wowidsetbe
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outcompeted by fagirowing plant specieean et al. 1997). Besides plants, ant-mounts are
habitats for other taxa like threatenddculineabutterfly (Thomas et al. 2009r a variety of
microorganismgBoulton and Amberman 2006).

Ants response to disturbance and management strategies

Ants are undoubtful a crucial part in most terrestrial ecosystems and arsezhds biological
indicators to estimate effects of land management, land use erebswf restoration schemes
(reviewsAndersen and Majer (2004), Underwood and Fisher (2006), Crist (2009), Philpott et
al. (2010)). Numerous studies tested the efficacy of ants as biological indigetoss the
world in warmer regions like Austral{@ndersen et al. 2002, Andersen and Majer 2004)
grassland in Argentina (Bestelmeyer and Wiens 20064 #&)opical forestgRoth et al. 1994,
Perfecto and Snelling 1995, Perfecto et al. 1997), but in parts also interofikrate cold
biomes(Ellison 2012). For temperate regions, such insights are largely lacking. Shame i
extensive literature on responses of ant communities to different typestwbalise like
agriculture, agroforestry, mining, fire, habitat fragmentation or ecosysistaration whsh

would go beyond the scope of this thesis and which was recently reviewed and siedliyi
Andersen (2019). Here, most studies show a negative impact of human-made disturbance on
ant species diversity across ecosystems. Although studies on restoration shewecwes
communities or whole ecosystems recover from disturbances or human managjesyed

not show how communities respond to different management strategies.

Studies which analyzed the effects of management on ants mainly famuggdzing and
logging as main management techniques in grassland and forest ecogystders/ood and
Fisher 2006), although other management techniques are widespread.

Common techniques in curregrasslandmanagementre grazing, mowing, and

fertilization. The effect ofgrazingon ants has been shown to be highly variable and can differ
between grassland typé@8estelmeyer and Wiens 2001l semiarid rangelands with short
histories of controlled grazinguch as in America and Australia, grazing by livestock can
reduce ant species richneestelmeyer and Wiens 1996, Andersen and Sparling 1997,
Whitford et al. 1999, Woinarski et al. 2002, Boulton et al. 20083 little effec(Whitford et

al. 1999, Bestelmeyer and Wiens 2001b, Ehrle et al. 260xn even increase species richness
(Bromham et al. 1999). Especially the intensity of grazing, and thus the type and thex nim
livestock can be decisive for the effect. Whlajer and Beeston (199&)und more species in

heavily grazed than in less grazed rangel@iminsperglraun et al. (1996jound fewer ant
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species in highly disturbed Australian sites and suggested grazingraptirigato be the main
factors of this reduction. The effects on ants can differ between the tgpazefs. Sheep, for
example, can have positive effects on ant abundance and bigtoéssinson and King 1980)
while e.g. Beever and Herrick (200@®und more ant mounts in sites without grazing horses.
In temperate grassland with long grazing history, the effect on ants is noiesiif§ studied,

but tends to be rather weak (Pihlgren et al. 2010).

Besides, it is poorly understood whether grazing has direct, indirect of even featls eh

ants. Direct effects cabe disturbance or even destruction of nesting sites by trampling of
livestock, whereby the disturbance intensity will be highly dependent on thiegratensity

and livestock type. Indirect effects can be the increased structural heténoghres to
selectively emoved plant biomass and spotty fertilization by feces, plant species ricimgess
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}satine
globe(Hoffmann 2010)fertilization al mowing as management strategies are rather restricted
to temperate grasslands.

The direct effects dertilization might be the disturbance of nesting sites by heavy machinery,
which may be needed to disperse fertilizer. But since this disturbancgusasshort period

and is rather spotty, the main effect of fertilization will be indiredtlgren et al. (2010pund
fewer ant species in fertilized thannon{ertilized meadows and attributed it to the enhanced
growth of taller plant species. Those plant species reduce sun exposure andpsatiae,
which can limit the occurrence of opbabitat specialized ant species.

In contrast to the trampling b¥estock and the trajectories of heavy machinergwingaffects

the entire grassland patch. When grassland is mowed only a few cesgiraetive the soil
surface nest mounds of ants may be mechanically destroyed which can resignificars

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 afrces
associated with plant parts that are cut, such as floral and extrafloral anedttiae 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 aal gotnt
items may be lackingZechmeister et al. 2003, Socher et al. 2012). But studies on mowing
effects on ants are raand, to my knowledge, elucidate only the effects of ilotensity
mowing.Pech et al. (2015pund 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. f@0id)

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

fundamental knowledge gaps still need to be filled. Therefore, irfingty manuscript, |

analysed the direct and indirect effects of the three main management componhemgarate
ant communities and investigated how ants react touaedntensification.

Overall, it has been shown that ants are sensitive to various tyfaesesimanagement
and disturbancéGreensladerad 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 managemeim particular logging can range from

low-intensity selective logging up to clear-cutting (high intensity). Tlectf on ants are

therefore dependent on the logging intensity. Resear@electivelogging has so far been

done mainly in tropical rainforests, where only weak effects on antsitivexvere found
(Vasconcelos et al. 2000, Kalif et al. 2001). Although the tropics are very spehbiegith
numerous specialized and therefore assumingly more sensitive shegiest al. 2014), the
response to forest management is rather (loswton et al. 1998). Studies on the effects of
clearcutting on ants are mainly done in boreal or temperate forests, wherecudtiag is a
widespread management technique. The effects of-clgang are variable and hard to
generalize. Overall, it can increase ant abundance and diversity, if it reduopg caver and
creates clearings which create habitats for “epamtry” sgecieg(Punttila et al. 1994, Palladini
et al. 2007, Babik et al. 2013, Véle et al. 2016, Tausan et al..2®ig%ies which react more
sensitively to forest management are wood ants (gdpusnica). Clearcutting or
fragmentation causes population declines and a high nest-abandonmef8oratei and
Hakkarainen 2005, 2007), that leads to a more aggressive behavior betweéaameatsand
Hakkarainen 2004), to changes in population structures (Punttila 4886wer variation in
body size due to limit food availabilifyHerbers 1980, Deslippe and Savolainen 1995, Sorvari
and Hakkarainen 2009).

As described above in detall, different forest management results in varyingstoudsires

and complexities to which taxa respond differently. Thus, what can be expechedisfor
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Only aboutl0% of the epigaic Centr&luropean ant species nest occasionally in deadwood,
and only 4% depend on deadwood as a nesting substrate (Seifert2@réfore, the amount

of deadwood might be less important for ants than for other taxa, unless they bemdfigher
prey diversity (bottomip effects). More important for ants might be the tree species or tree
species diversity of which the forest consists, as tree species, ddiailable potential niches
and result in different microclimateSeifert (2017)e.g. found more species in oak and pine
forests than in beech or spruce dominated forests.

Management techniques such as ctadting, shelterwood systems or selective logging highly
influence the canopy openness of forests. This has been shown to be important fas ants
studies found in woodland in Australia (Lassau and Hochuli 2004)emperate conifer
mountain forests (Arnan et al. 2009), and along an elevational gradient in a moaginm
South Africa (Munyai and Foord 2012), and southern France (Blatrix et al. 2016). Stbiles
were implemented in the temperate zone found more species in open habitats thadin clos
forests(Dolek et al. 2009, Graham et al. 2009, Bernadou et al. 2013, Del Toro\20itB)is
rather not surprising since a high percentage of temperate ant species occrilygriopen
habitats like grasslands (Seifert 2018, Del Toro et al 2013). A reduced canopy a@lr us
results in a warmer forest climate and a higher ground temperatusearenthermophiles and

in temperate forests, warmer sites harbor more species than coldésaitdesrs et al. 2007)
Thus, the temperature might be a good predictor for species richness (DO0LS, Seifert
2017) But how are temperate ant communities affected by forest management andsiiep

to assign changes to certain changes in forest structures or environroadiabes? In my

secondmanuscript, | therefore explorethe direct and indirect effects of forest management

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

three regions in Germany.

Morphological traits — a predictor for ant disturbance response?

Forest manageemt and land use also affect the functional diversity of ant communities (even
without noticeable changes in species richness). Functional diversity ofwroti@si change

if species with certain traits get lost or are replaced by other species ghhaa are less
affected by for example disturbance or changes in vege(@aeinroro et al. 2013)Examples

for such changes can be found in Punttila et al. (1884ye forest management weakened the
dominance oformica aquilonia a suppressor of other species, which was beneficial for the

less dominanE. sanguinea Another example are the findings Afnan et al. (2012), who
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showed that dominance hierarchies of Mediterranean ant communities are depeniaits

like thermal or moisture tolerance and dominant species are replaced by sjechesre e.g.
adapted to lower temperatures.

To calculate functional diversity, a certain knowledge of the species iga@egaither about
their lifestyle (lifehistory traits) or about their morphology (morphological traits). Although
ants have been studied for decades to centuries, especidiéythopics, a high percentage of
species are still undescrib@dolgarait 1998). To cope with this lack of knowledge, ants are
often categorized in functional groups which are based on taxonomic relatednessndemi
hierarchies or habitat preferenc@ndersen 1995). The occurrence or abundance of these
functional groups is often the common “measurement” for ant functional divesityLassau

& Hochuli 2004; Arnan, Cerda & Retana 2012; Bernadowl. 2013). Going beyond this
“functional group approachdnd combining morphological and functional traits enables a more
detailed understandings of communities (Arnan et al. 2014, 2017, Silva and Brandéo 2014)
Overall, traitbased apmaches to understand species responses to their environment can
substantially increase our understanding of ecological communitiese 8s already stated,
many ant species are still undescribed or weakly studied. Instspe@es identities, it may
bemore useful to find general rules that can be assigned to species with foeictional traits
rather than to specific speci@dcGill et al. 2006, Paine et al. 2015). Hence, an approach to
investigate species commtias is to analyze morphological trafi&ihn et al. 2010, Gibb and
Parr 2013Silva and Brandao 2014, Yates et al. 2014, Gibb et al. 28§1&asily measurable
traits such as stable isotope signatFeddhaar et al. 2010, Pfeiffer et al. 2014)

Morphological traits of single species and trait compositions of species comsanéidor
example often analyzed along environmental gradightsan et al. 2014)between spatial
scaleqYates et al. 20149r differently structured habita&ibb and Parr 2010}-or the latter,

for instance, different habitat structures and complexities (e.g. deserintstast, shrbland

vs. forests) can result in differently shaped species commufiag-Brener et al. 2004,
Lassau and Hochuli 2004, Sarty et al. 2006, Schofield et al. 2DiE@rent habitat structures
provide e.g. different food sources or nesting opportunities but also different nmatediand
overall surface complexitiefRRadnan et al. (2018&pund tha ant body size declined with
increasing surface complexity and suggested that larger ants are discouraggadging in
complex habitats since smaller species can find food sources faster (&eplatanpetition).
Generally,the effect of habitat coplexity on the morphology of ant communities is well
studies. For example, ant leg length decreases with habitat complexitet(BRr2003, &rji-
Brener et al. 2004, Sarty et al. 2006, Gibb and Parr 2010, 2013, Wiescher et alS20ie)
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studies found that larger body size can be beneficial in simpler hgbagisBrener et al. 2004,

Sarty et al. 2006), but the correlations of body size and habitat complexity are nstecdns
betweercontinent§Gibb and Parr 2013). Nevertheless, findingGibb & Parr 2013) provide

the support that habitat complexity filters species composition through their nuyuabl

traits.

Therefore, the question arises if a certain knowledge of a species, like its raggphoenough

to predict how it will respond to changes in habitat structures. Such knowledge could help to
make precise and speciggecific estimations of how habitat disturbances or management

intensification affects species communitiesmy third manuscript, | made a first attempt to

answer this important but very extensive question. Based on the findirfiggdofn et al.
(2018),Farji-Brener et al. (2004), Sarty et al. (20@B)dKaspari and Weiser (1999arger ant
species should move faster in open, less structured habitats, while smalles specild be
advantaged in more complex habitats, since their shorter legs enable movement thpsugh ga
between obstacles. Encouraged by the recent findinysmdviak et al. (2017), who found
decreasingunning speed of arboreal ants with increasing roughness of plant suyrfaces
investigated the running speed of differently sized ants (body size and leg) lalugth a
surface rugosity gradient which represents different habitat stesctur

If habitat complexity filters species through their morphological traits, ligtestthat larger
species were fast on smooth surfaces but lost speed with increasingxityngitealler species
were less affected and most important, similarly sized species respotatlgitaichanges in

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

Manuscript 1:

Heuss, L.,Grevé, M.E. Schafer, D., Busch, V. & Feldhadt. (2019) Direct and indirect
HITHFWV RI ODQG(XVH LQWHQVLILFDWIBDVKQcangaMhdRPP XQ
Evolution 9:4013-4024.

In this manuscript, it was owim to disentangle the direct and indirect effects of -lasel
intensificaton and its three main componerggazing, fertilizationandmowing, on ant species
richness in 110 temperate grasslands in three regions in Germany. We found thaaadaigh |
use intensity had a significant negative effect on ant species richnessredoner all regions.
Among the different landise strategies, owing had the strongest negative effect, followed by
heavy grazing. Fertilization had no significant effect.

Ant species richness was directly negatively affected hygh mowing intensityand a high
grazing intensity, as well as soil moisture. Besides, high mowing and grazimgjtieteresulted

in a reduced plant species richness but a higher plant hieigiuntrast to grazing with cattle,
grazing by sheep had significant positive effectsant species richness.

We tested whether the ant community composition changes alongasmtensity gradient
and investigated which morphological and Hifistory (functional) traits are affected in
communities when certain species disappear. Wed that land-use intensity strongly
impacted the occurrences of the different species. Very common species shotved hig
tolerances to landse intensification while the rarest species occurred mostly Hin@msity
managed plots. Morphological trait ggs were not affected by lainde intensification, but at
high management intensities, where species with rarbibtery traits (like multiple nests in
one colony) get lost. In addition, especially abovegrouesting species were highly sensitive

towards mowing.
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Manuscript 2:

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

of forest management on temperate ant communii@sspherg9:e02303.

In this manuscript, we investigated ant communities in 150 German temperatestarels
with different forests management regimes and investigated 1) whetlest lmanagement
affects the abundance, species richness, functional diversity, and compaditiant
communities and 2) if these changes are mediated by a change in the enviabnoralitions,
such as structural heterogeneity, microclimate and food supply. We found that @es spe
richness differed between forest types. Low species richnesbowas in spruce and beech
forests and high species richness in oak and pine forests. Species richnessitivaty pos
affected by pine as dominant tree species. Ant abundance was directly atidehegffected

by spruce as dominant tree species.

The main indirect effects of forest management on ant abundance was arpgrature
amplitude, and thus warmer forest climate, via a reduced canopy cover in oak astdmiise
Functional diversity could only be calculated for one of the three regions since théaather
harbored a very low mean number of species. We could not find any direct or indirest effec
of forest management on the functional diversity based on morphological traitd.dalse-
history traits, functional diversity was the highestopen forests with a low structural

complexity, which were dominated by pine trees.
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Manuscript 3:

Greveé, M.E,, Blaha, S., Teuber, J., Rothmaier, M. & Feldhaar, H. (2019) The effect of ground
surface rugosity on ant running speed is spespesific raber than size dependeirisectes
Sociaux33:355-364

In this manuscript, we asked the question whether morphological traits can be usedcto predi
how a species is affected by increasing surface rugosity in differently cohgddéats, or in a
broader iew tested the suitability of morphological traits as functional traits. Therefee
measuredntra- 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 spéeessitedl
species but the response to increasing surface rugosity was idiosyncratic incegies-
specific. Running speed did not consistently rise with extending lsaky and leg length. In
addition, similar sized species differed greatly in their response toiolgaswgface 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 dclusive
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Discussion

Central European temperate grasslands and forests are managed sinceamMétini

increasing human population size and a simultaneously increasing knowledge opaitieoim

maragement, management strategies have changed in recent years. Theseccbategesw

knowledge gaps, such as how certain species groups can be specifically supported r@nd requi

additional research.

The impact of increasing langse intensity on tempegagrasslands communities was already

investigated for plants and several arthropod groups (Socher et al. 2012, Simorz &4 al

2016, Gossner et al. 2016, Simons and Weisser 2@Mv@rall, landuse intensification

threatens biodiversity and causes multitrophic homogenizations (Gossner et al. 2016)

Unfortunately, ants as a key taxon in grasslands were not included in these studiethelhus

guestion remained how increasing largk intensity and the single lande practices grazing,

fertilization and mowing affect temperate ant communities.

This knowledge gap could be closed in Heuss and Greve et al. (R@@8use intensification

reduces ant species richness and diversity. Mowing was the most haractidgy especially

for aboveground-nesting ant species. In addition, high mowing intensities, combined with

fertilization reduced the number of plant species and the shrub cover whileasieauisly

resulted in increased vegetation height. Hence, high mowing intensities hapeekbensive

effects on grasslands and reduce ant species richness and grassland struetsitglldeuss

and Grevé et al. 2019Yowing has an immense negative impact on temperate ant communities

(Heuss and Grevé et al. 2019), but assumingly, the effects are incongisterg Begions.

Mowing affects abovegroundesting species more than sodsting specie@ieuss and Greve

et al. 2019). These aboveground nests serve as heat collectors for optimal {aeegdrdent

(Penick and Tschinkel 2008). In warmer climatic regions in which ant species do kot bui

aboveground nests, mowing can be less detrimental.

Therewith ants respond similarly to multiple other groups such as plants, herjpem@sdary

and tertiary consumers, and as such, all parts of the trophic pyramid of thengrassisystem

(Gossner et al. 2016). To my knowledge, Heuss and Grevé et al. (EHS¥irst study which

covers a large gradient of lande intensities in grasslands and which disentangles the effect

of each management practices separately.

The effects of grazing for example are dependent on its intensity addhearoth, positive

and negtive impacts on temperate afitieuss and Grevé et al. 2019). This fits the findings of

several other studies across therld (positive: Majer and Beeston (1996); Bromham et al.
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(1999); Bestelmeyer and Wiens (20Qlggative:Bestelmeyer and Wiens (1996); Andersen
and Sparling (1997); Whitford et al. (1999); Woinarski et al. (2002); Boulton et al. (2005)
no effect:Arcoverde et al. (201Y)

More important than grazing itself are the resulting changes in tlsslgmnd structure. In a
study on the effect of grazing on the structure and composition of ants between savanna and
grasslands in subtropical Argemdi Calcaterra et al. (201Gpund no direct effect of grazing

on ants but the richness of ant species and functional groups was higher in the syroctueall
complex savannas. They also found that livestock grazing simplified vegetationrstiogt
reducirg overall plant height in both habitats. However, the grass cover variation did not explain
the differences in overall species richness (see also Vasconcelos ed&)), (B0t the species
group of hotelimate specialists gained distinctly. These species prefer open envirtsniis
sparse vegetation coverage as can be found in grazed sites (Andersennl§&ssland or
savanna plots with a higher vegetation cover diiatate specialists are replaced by more shade
tolerant, opportunistic speciéSalcaterra et al. 2010puch effects of grassland structures on
species compositionsan be found outside of the subtropical zone as well. In the semiarid
Mediterranean region, hatimate specialists are the dominant group in open habitats with low
vegetation cover only and are otherwise replaced by opportunists and gendislisticinae

in sites with higher plant densiti@ReyesLoOpez et al. 2003, Arnan et al. 2007).

Species belonging thi¢ hotelimate specialists normally do not occur in the temperate region,
but here, open habitats play an important role for other species as well. In Bé&gkonjnck

et al. (2007xhowed that rare xerophilic ant species, preferring warm and dry Babiatr in

high numbers in calcareogsasslands, where vegetation is usually short. They assume that in
grassland with the encroachment of tall grasses, the rare xerophilic ant spkbieseplaced

by mesophilic, rather common species. Such xerophilic species belong largelygentise
Formica such agF. clara, F. pratensis F. rufibarbis but alsoLasius alienusThey will be
superseded by less thermophilic ant species from woodlands and closed grasslatidngget
like severalMyrmica speciegDekoninck et al. 2007). This corresponds with the findings of
Heuss and Greveé et al. (2018)which thermophilic to xerophilic speciesont in plots with

low management intensities (mostly pastures with low vegetation height), whidesimade
tolerant species were found in more intensively managed grassland plaissedominated

by tall, fastgrowing grass species).

But “grasslandsivith limited plant cover are not necessarily the most ant speclegrassland
type. Indeed, the structural heterogeneity of grasslands is an impantentaf ant species

diversity. This heterogeneity can be due to a high plant species richnéisstore.g. shrub
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encroachment which will attract additional woody species as it was founskabe world in
Slovakia(Wiezik et al. 2013), SpaifAzcarate and Peco 2012phio (Campbell and Crist
2017) and Australia (New 2000). But especially shrub encroachment should be limited si

otherwise opemabitat grassland species will get IBahms et al. 201(Figure 3c).

Figure 3. a) and b) Examples for extensively managed meadows with a high flavanta
diversity. c) Example for an abandoned meadow with early stages of shrub Bneoac
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Now, that the effects of land use on ants are known, the question arises if currdahgrass
conservation strategies are suitable to protect ant divelrsijeuss and Greveé et al. (20,19)

we highly recommend reducing grassland management intensity, especially ther mafim
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, curregtassland conservation strategies in Germany gem@a
mosaic of grasslands which vary in management type and intensities withiofsadpe. This
approach is supported by numerous scientific studies such as Kruess andtkeq2&02),
Samways (2005), Cizek et al. (2012), Gamez-Virués et al. (2@%5)vell asSimons and
Weisser (2017)who investigated how landscapesdoe 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 findefugesin extensively used plots within this mosaic. But ants are
guasisessile organisms, once the colony is established. Hence, their coloayioelato less
intensively used plots is very unlikely. Furthermore, such a mosaic of diffeerdgament
typesmight not increase overall ant species richness at the landscap®scdler and Wolters

2004) Grassland plots are often managed in a rotation system. The management oftsasity

far extensively used plots will be increased, while management on so fanteigbity plots

will be reduced. Being unable to move elsewhere quickly, ant species richiigbsnafore
decrease in the newly intensively used plots. Dauber et al. (26l0@agd that the highest ant
diversity occurs in plots with continuous, low-intensity land use. In contrast to ptanig)ith
extensively used plotesre as seed bankKiehl et al. 2010), the recolonization of ants in
former intensively useglots might be slow and highly variable (Dauber and Wolters 2005)
Another currently used management strategy to protect arthropod diversity iagramvy

parts of the grasslands and leave the rest undisturbed at first. However, thig/ stcss not
protect ants.

A habitat type in which grassland management intensification should be partievaided is

the ecotone of grasslands and forests. These ecotones are-specsasce they share ant
communities from both biomes (Seifert 2017, 20183sides, the occurrence of grassland
speciescan strongly influence forest communities. Wood aRtsrfica are one of the most
influential groups in temperate foregksouz et al. 1997, Laakso and Setald 2000, Domisch et
al. 2008). However, they are more common at forest/grassland ecotones than in dessse forest
(Seifert 2018), since wood ants require and paraslieeviformicanests which prefer

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

Forest management can positively affect temperate ant diversity (spestieess and
functional diversity) if it results in a reduced canopy cover and a lowetwtalicomplexity,

e.g. through treedrvesting. Especially the selection of shauelerant tree species, which
creates warm stand conditions, such as pines and oaks, leads to more diverse ant cemmunitie
(Grevé et al. 2018). Interestingly, the forest types which reflect natmedté in Central
Europe, uneven-aged and unmanaged beech forests, harbor significantly fewertbpacies
managed foests(Grevé et al. 2018). These findings stand partly in contrast to the insights in
Maeto and Sato (2004ndYoshimura (2009), who found no differences in ant species richness
between unmanaged forests and managed forests in temperate Japan. But the species
compositons were differently structured, and the unmanaged forests were dominated by
woodland specialists. While managed forests harbored mostly haitat specialists or
habitat generalistdvlaeto and Sato 2004, Yoshimura 2009).

Similar toGrevé et al. (2018 GuzmanMendoza and Castafio Meneses (20i8)estigated

ant communities in unmanaged forests, managed forests, and reforessedirioremperate
Mexico. They found the highest species richness in the highly disturbed reldmsts and

an overall high species turnover (few shared species) between theypesstHence, forest
management in the temperate region strongly affsttscommunities, 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 communihieclsainge of

the forest microclimate. Warmer forest climates inaeetiee larvaldevelopment of ants
(Kipyatkov and Lopatina 2015yhich may result in faster colony growthspecially in

temperate and boreal regions.
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Figure 4: Examples for a mixed coniferadeseiduous forest with a low canopy coverage and a
high ant diversity. All pictures were made within a 500m x 500m area. After only 20 minute
of hand sampling, | could find 11 different ant speclessius playthorax, Lasius brunneus,

Formica polyctena, F. fusca, F. cunicularia, Camponotus ligniperda, Myrmica ruginodis, M.

lobicornis, Tetramorium cf. caespityiemnothoraxunifasciatus and. nylanderi.
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A warmer microclimate via a reducednopy cover has positive effects on ants in the European
boreal (Punttila et al. 1994, Palladini et al. 20G)d temperate regiofDolek et al. 2009,
Tausan et al. 2017, Grevé et al. 8D(Figure 4). In the temperate part of the United States,
studies investigated forests and adjacent open habitats and could highlight how inagughant
canopy openness and the consequently increased temperature can be for ant canmunitie
Del Toro et al. (2013found a five times lower species richness in dark (hemlock-white) pine
forest stands compared to open habitats. Forests with less dense canopies and a@pen habit
were similarly diverseLessard et al. (2009tudied ant communities in oak forests in the
southern Appalachians and stated a positive relation of species richness anekitgithi
variation in ground temperature. Such a variation in ground temperature is assuanmggit

of different canopy covers (Grevé et al. 2018). In addition, higher ground tempenatduce

soil moisture, which is beneficial for grounlvelling ants as wel|Seifert 2017)

Since forest management has positive effects on ants in cold and temggiats iIf it results

in a warmer forest climate, the question arises how ants respond to foresemeana
warmerregions. Surprisingly, the results Afcéarate et al. (2013)om Central Spain suggest
similar patterns as found in colder regions. They analyzecffiects of forest paths in oak
forests Quercus pyrenaigaand coniferous forests (dominatedRinus sylvestrisand found
distinctively more species on the drove road than in the closed forests. The forebiadadhs
higher plant diversity than foresand were a habitat for more specialized ant species, such as
granivores, scavengers and lbinate and opeihabitat specialists. Ant species occurring in
the forests were mainly opportunists and generdlistsarate et al. 2013)n the subtropical
woodland around Sydney, Australia, Lassau and Hochuli (20@4y 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 antydaretsiarbor
numerous specialized species. Besides the immense loss of species andinelitaztensive
deforestation and transformation to arable land, outside protected areas, maait fivogsts

are exploited or managed by selective logging. Thereby, only trees ofiercial value are
harvested, and the forest is then left to regenerate. Overall, this sustaisable less
detrimental to the forest ecosystem and a raatdysis ofPutz et al. (2012)evealed that “85
100% of species of mammals, birds, invertebrates, and plants remain after |¢Bgitzgét al.
2012).

Vasconcelostel. (2000)compared grountliving ants between undisturbed forests and forests
which were selectively logged at different years in Amazonia. They foundgndicant

differences in ant species richness between the treatments. However, compacsiuded
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forests, the managed forests showed a reduced canopy cover and differepecaad s
compositions. Thus, rainforest management via selective logging has only nieuts eh
groundliving ants, if it does not lead to large scale disturbancesaahigh tree diversity
remains (Leal et al. 2012). Furthermore, ant communities are able to recover and with
increasing time after disturbance, species communities in disturbed arstuchreti forests
become more similgiRyder Wilkie et al. 2009, Bihn et al. 201@ut the effects of selective
logging can differ between ground-living and arboreal ants. For the latter, docmmnlead to

a complete habitat loss which results in a lower number of arboreal species in seconda
compared to primary rainforeqislimes et al. 2012)

Another type of forest management is rainforest reforestation which éashewn to be very
supportive for ant conservation. In Cameroon rainforests, Watt et al. (RQ0®%) that even
reforestation with a single tree species can recover large parts ofrier fant diversity. If
forests are reforested from pastures, ant communities are first intatenbdiween pastures
and rainforests but become more similar to rainforest communities when the camepy c
increasegPiper et al. 2009, Lawes et al. 201Qverall, 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 auligpeci
specialized predators or tropigdimate specialists are replaced by more disturb&meeant
speciegLawes et al. 2017)Nevertheless, tropical rainforest ant communities, similar to ants
in colder bioregions are influenced by temperafMezger and Pfeiffer 2010, McGlynn et al.
2010, Dattilo and Dyer 2014Drose et al. (20193tudied the dvers of ant communities in
forestgrassland ecotones in South Brazil. Similar to forests and grasslands inregidas,

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 afieetsity, particularly in less
tropical regions. Keeping this in mind, current management strategiesestsfan Central
Europe must be reconsidered. The recommendation for forest managerséretGak\(2018)

to include more open and warmer stages in their management strategies to prisiote a
contradicts with cuent management strategies. These comprise the admixture of deciduous
tree species in coniferous forest stands which increases structural dongiexadd a second
canopy layer. This second layer reduces the amount light reaching the ground ewdhther
result in colder ground temperatures. Thus, the management strategiesast techdes did

not support ant diversity. However, facing climate change, forest managem@eniral

Europe will undergo extensive restructuring. Future management stsatetjieh 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 mative tree species (Brang et al.
2014) Especially the promotion of ligltemanding tree species can increase ant diversity in
terms of species richness and even functional diversity (Grevé et al. 2018).

Functonal diversity can among others, be based on morphological dridifay 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 measureméanstiohal
diversity in the analyses.

But functional diversity can only be calculated if communities consist ofiaisnf number of
species. However, especially in poor habitats, like spruce monocultures, antrtiesroften
consist of a low numberfspecies(Seifert 2017, Grevé et al. 2018nd measurements of
functional diversity are difficult or even impossible. In Grevé et al. (2@18as possible to

use morphological traits to reveal regional differences between conmesusiich as larger
bodies or longer legs in formicine dominated communities, compared to mixed family
communities. But the functional diversity, based on morphological traits, was ndbl@aria
enough to find management related effects on the communities (Grevé et al. T2@l&8use

for this lack of effects was the high morphological similarity between therngspecies.

If communities are diverse enough like in tropical or arid regions, the use of morghblogi
traits can restilin great insights like that ant species communities are shaped by habitat
structureqFarji-Brener et al. 2004, Sarty et al. 2006, Wiescher et al. 2012, Gibb et al. 2015,
Radnan et al. 2018fror examplesibb and Parr (2010hvestigated the foraging efficiency of

ant communities across the globe and found clusters of smaller species in corbits dad

a broad spread of body sizes in open habitats in South Africa (30 species). Howeveden Sw

(8 species) the body sizes were more evenly distributed since the species d@anuane
similar in complex and open habitdGibb and Parr 2010). Thus, in less diverse communities,
morphological trait variation can be too low to detect such variation (Grevé2&td, Heuss

and Greveé et al. 2019).

Another problem using morphological traits are my findings in Grevé et al. (2019jhéhat
response of species to changes in e.g. habitat structure can be highlygpedfesand not
generalizablgGrevé et al. 2019)This hampers precise predictions on how species might
respond to changing habitats, based on morphological traits only, secesienilarly sized
species can respond idiosyncratically if they have different habifer@nes 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 highisiery trait diversity

is the genudlyrmica Most of the 20 species occurring in Germany have very similar shapes
and the morphological distinction between species is often based on subtle differehees
shape of the scape tet petiolgSeifert 2018). Nevertheless, the species show highilstery
varability. Within closely related species of for example Mgrmica scabrinodispecies

group, species can vary distinctly in their temperature preference arefotle habitat
preference (from cold to warm and wet to dvly:scabrinodisM. sabuletj M. specioide$ 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 anotlierhistety

based functional diversity would change, while the morphological trait-based functional
diversity would remain similar. Hence, investigating spepi@sr communities or communities
which are consisting of many morphological similar species,-hisftory approach to calculate
functional diversity is more promising than a morphological trait@ggh(Greve et al. 2018;
Heuss and Grevé et al. 2019). But the usage of life-history traits requires a comspehe
knowledge of the studied species, which is often not available. To handle this problene ants ar
commonly assigned to functional groups (Andersen 186d)the diversity of the community

is measured as the number of occurring functional groups and the number of spibares wi
each grougBernadou et al. 2013, Del Toro et al. 2015). But this functional group appsoach
not useful for analyses of ants in Central Europe since the majority of the commumas spec
belong to the three largest gendrasius Formica (incl. Serviformica andMyrmica (Seifert

2018) Assigned to functional groupisasiusandFormica(real wood ants) belong to the cold-
climate specialistsServiformicato the opportunists, anidyrmicabelongs to the generalized
Myrmicinae (Andersen 1997)Most other species are rare or only locally abund@aifert

2007) Egecially cryptic species, likPonerg are very rare or completely missing. Species
with unigue traits such as specialized predators do not occur, to my knowledge. Fortunately
the ant species in Europe are well studied and a variety -dfi$ifery traitscan be found in the
literature for many specigg\rnan et al. 2017, Seifert 2017, 2018). Using a combination of
taxonomic diversity (number of species) and functional diversity, basededmndlibry traits,

we could show that grassland and forest management alter temperate ant cas(@uaite

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 ricnhdaadiional

diversity. Lowintensity managed grasslands with low vegetation harbor species vaitlety v
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of (unique) life-history traits. They can be habitats for fapinomaspecies, which belong to

the subfamily Dolichoderine and which are highly dominant and almtinitha warmer
bioregions. They have a polygynous (multiple queens per nest) colony structuge fora
preferably in the herb layer and are nectarivg¢gesfert 2018) Another species which occurs

only in dry, open habitats Isasius alienuswhich is a sister species lof nigerand does not

differ much fromL. nigerbut is less aggressive and is an important host for several butterfly
species. Lowntensity managed grasslands harbor also species such as the aggressive,
dominant, sociaparasite speciesormica sanguineand thei Serviformicahosts (Seifert

2018) In grasslands with at least some woodynfdaF. pratensiscan be found. This large
species belongs to the wood ants, has a highly variable colony structure (mmmgy
polygynous, single or grouped nests) and can build large aboveground nests with high
population sizes (Seifert 2018h GermanyF. pratensigs 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 highéejght can
create suitable habitats for mesothermic ant species. Such a spkagssslavuswhich are
subterranean foragers, and alters grasslands via their aboveground ndstsnaodement of

soil (Ehrle et al. 2017). However, with an increasing number of cuts perlyd&ayusstops
occurring(Heuss and Grevé et al. 2019).

At high-intensity managed plots, formicine species which bhilge colonies with multiple
gueens or aboveground nests are missing and_asiys nigeremains. This species is highly
adaptive to most environments, strictly monogynous in older colonies, very aggressive a
feeds on any available food sou(&eifert 2018). Despite building partly aboveground nests,

L. nigeroccurs in high deritges so that mowing has weaker effects on them compared to more
sensitive speciesMyrmica species are less sensitive. While some species have narrow
temperature and moisture preferences (see above), the three most commorvspebties

M. scabrinodisandM. ruginodisshow low sensitivitiegHeuss and Grevé et al. 20E)d occur

even in shady forests (Grevé et al. 2018). In forests, management intensifiaatioave the
opposite effect compared to grasslands. It canaseréunctional diversity, when it results in a
lower canopy cover and a warmer forest climate (Greve e@a8)2Forests with low canopy
cover are suitable habitats, especially for formicine species (Figure 4) whioeh tsgh
variation in lifehistory traits such as colony size, number of nests, number of queens, diet and

behavioral dominance.
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Ants are on@®f the most influential organisms in terrestrial ecosystems. As ecosystemiland s
engineers, ants alter both, grasslands and forests and influence plant aalccammunities.
Therewith, ants are a great model organism to analyze a variety of ecokegyiaglestions,
such as bw communities are affected by management and how they respond to changes.
Overall, | could contribute significantly to the understanding of how ants reactrtent
management practices in temperate grasslands and forests asdigblight the need for
functional diversity analyses in biodiversity research. In addition, | straeglynmend the
usage of lifehistory traits over morphological traits in the analyses in communities whieh sho
high morphological similaritieéGreveé et al. 2018; Heuss and Grevé et al. 2019). Beside low
variation, morphological traits may yield misleading results since similar sisge®ies can
act idiosyncratic and highly specispecific(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).
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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

45



4018 wI LEy_LDDIn-qy and Evelutan HEWUSS er s

Liven e

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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Detailed description of the three study areas

The biosphere reserve Schwabische Alb is locatédtkifow 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 46B60m as.l., and a spatial extent of 420 niThe national park of
HainchDin and its surrounding areas is located in central Germany (51°20'N 124 10°41’E,
6.5-8°C, 500-800 mm, 28%50m as.l., 1300 krf). The biosphere reserve Schorfhe@ieorin
is situated in the lowlands of nordastern Germany in a young glacial landscape with many
wetlands (53°02’'N 13°8%&, 88.5 °C, 500-600 mm,-340m as.l., 1300 krf). 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, 26ch87.5 m from the
corner.As pitfalls, plastic cups (& = 70 mm) were placed in the soil with the opening atesurfac
level and filled with a solution of water, sandsoap (200 g salt, 1 ml soap pieer 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 graper
placed fivebaits made from an artificial diet (based on whey protein, caseinate, egg powder,
sucrose, agar, and watdrable S} 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:carbohydratéjatt all ants

feeding on different food sources. Baits were comprised of whey and casein psgpeotein

source and sucrose and carbohydrate source dissolved in water and gelled with agar to produce
homogenous cubes of approximately 13cilve counted laants at these baiting stations 30

minutes and 60 minutes after placing them in the field.
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Table S1Artificial diet used for bait stations

Propor Whey Caseinat (g) Egg Succrose Vitamines Benzoat Agar (g) Water (ml)
tion P:C protein (g) (9) (9) (9)
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

15 9.11 8.3 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 dSEMs

To analyze all direct and indirect effects of lamgk components and environmental
variables, which were found to be affecting ant species richmesased structural equation
modeling First for all sampled plots (h=96) and secondbidy grazed plot¢n=61) b analyge
the effects of different livestock types separately. The region was used asraffdct. The
structure of each linear model within the SEM is: LME (response varialadlt possible
predictor variables added up by +, region as random effect)

Structure of the first SEM over all 96 plots:

SEM1=(
Ime (Number of ant species ~ Mowing intensityFertilisationintensity + Grazing
intensity + Soil moisture + Number of vascular plants + Mean vegetation henghi(
Cover of litter (%) + Cover of shrubs (%andom= ~ 1 | Regioj
Ime (Number of vascular plants ~ Mowing intensiti#ertilisation intensity + Graag
intensity + Soil moisture + Cover of litter (%) + Cover of shrubs, {@)dom=~ 1 |
Regior),
Ime (Mean vegetation height (cm) Mowing intensity + Fertilisation intensity+
Grazing intensity+ Soil moisture+ Number of vascular plantsCover of litter (%)+
Cover of shrubs (%), random = ~ 1 | Regjon
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Ime (Cover of litter (%) Mowing intensity+ Fertilisation intensity Grazing intensity
+ Soil moisturet Number of vascular plantsMean vegetation heigliem) + Cover
of shrubs (%)random =~ 1 | Regign

Ime (Soil moisture~ Mowing intensity+ Fertilisation intensity+ Grazing intensity
+Number of vascular plants + Mean vegetation height{c@over of litter (%} Cover
of shrubs (%)randonm= ~ 1 | Rgion),

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

intensity+ Soil moisture random = ~ 1RRegior))

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 typet Mowing intensity+ Fertilisationintensity+ Cover

of shrubs (%} Grazing intensity, random = ~ Rggion),

Ime (Cover of shrubs (%) Soil moisture+ Livestock type+ Mowing intensity +

Fertilisation intensity- Grazing intensityrandom = ~ 1Regior))
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Table 2. Ant species found in Alb, Hanich and Schorfheide with the trait values used for thetaic

of FDpH. Trait information marked with * are taken from Seifert (2007, 2017) and marked with
taken from Arnan et al. (2017). Abbreviations: strata feragrtical strata where species is most likely
to be found foraging (calculation and trait data see Table S3); zoopha, assumedgesrental die

of total food intake; nectar, assumed percentage of nectar diet of total food tndpke, assume
percentage trophobiosis based diet of total food intake; plant, assumed percentage planeba$
total food intake; Wl=Weber’s length; CScolony size In transformed; Dombehavioral dominance,
nQ =number of queens per nest, sMumber of nests peolony; CFE 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 05 O 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 0.05 192 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 05 O 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 1.49

emarginatus

Lasius flavus 0.2 0 0.8 0 132 0 9.21 05 O 1 -2.08

Lasius myops 0.2 0 0.8 0 0.85 0 8.52 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 0.06 111 1 9.21 0 1 0.76

paralienus

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

psammophilus

Lasius 0.2 0 0.8 0 132 0 8.01 05 O 0 -2.08

umbratus

Myrmecina 0.99 0 0 0.01 095 O 4.61 05 O 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 0.02 161 1 6.72 1 0 1 0.27

gallienii

Myrmica 0.72 0.04 0.2 0.04 153 0 5.63 05 O 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 0.1 151 0 8.01 1 1 0.5 0.66

Myrmica 0.53 0.02 0.3 0.15 169 0 7.6 05 O 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 1.46 0 8.01 1 0 0.5 0.54

sabuleti

Myrmica 0.51 0.06 0.4 0.03 143 0 7.31 05 O 0.5 0.34

scabrinodis
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Myrmica 0.58 0.1 0.27
schenki

Myrmica 0.51 0.05 0.41
specioides

Tapinoma 0.6 0.13 0.2
erraticum

Tapinoma 0.6 0.13 0.2
subboreale

Temnothorax 0.8 0.15 0.05

unifasciatum

Tetramorium 0.26 0.04 0.35
caespitum

0.05 157 0 5.87 05 O 0.5 0.29
0.03 137 O 7.31 1 0 0.5 0.22
0.07 09 1 8.16 1 1 0 0.95
0.07 088 0 NA 1 1 0 0.95
0 072 0 5.78 0 0 1 0.8

0.35 094 1 9.21 0 0 1 -0.73

Table . Description of the different traits for the calculation of the life history tratyses

Trait Data type States
CS Continuous  Mean colony size (log transformed)
WL Continuous  Mean Weber’s length of worker (mm)
Continuous i i
700, Nectar, Assumed relative percentage of animahectar,

Troph, and Plant

Dom Binary
nQ Ordinal
nN Ordinal
CFT Ordinal

Strata.forage Continuous

trophobiosis-or plant-based diet. All summed to 190
Values are partly assumed by Seifert (2017), but
based on very detailed food analyses*

(0) Subordinate; (1) Dominant

(0) Monogyny; (0.5) Monogyny or polygyny; (C
Polygyny

(0) Monodomy; (0.5) Monodomy or polydomy; (
Polydomy

(0) Dependent colony founding; (0.5) Dependent
independent colony founding; (1) Independent col
founding

Positive values for higher probability of species fot
foraging above ground, native values for foraging
under the surface.

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

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

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

Seifert, B. (2017). The ecology of Central European artaoreal ants 37 years of a broadpectrum

analysis under permanent taxonomic contoil Organisms89(April), 1-67.
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Table Sl Foraging strata calculated as the sum of the probability of worker to fore
different vertical strata, where the value for each strata is multipliedgmscéis factor, based
on predictions of Seifert (2017). Deep sdibraging 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 litte
foraging in the moss litter layer; free surf foraging on free, abovground surfaces except
of those on herbs, shrubs and trees; kdidraging in the herb layer; shrub trefraging on
shrubs and treekjgher 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 ligniperde 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
Myrmicacurvithorax 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 schecki 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
Tetramorium caespitur -0.73 0.17 0.34 0.03 0.43 0.03
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Table $. Path coefficientéand standard error (SE)J all unidirectional relationships among variab
of both piecewise SEM, shown in Fig. 2a and 2b. Significance: p< 0.05: *; p< 0.01:0:0p%: ***

First SEM over all 96 plots:

Response
Number of ant species

Plant species richness

Vegetation height

Cover litter

Soil Moisture

Cover shrubs

Predictor

Mowing intensity

Soil moisture

Grazing intensity
Vegetation height
Coverlitter

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

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

Second SEM including only pasture- and mown plots:

Number of ant species

Sheep

Soil moisture
Mowing intensity
Cover shrubs
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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-alue
<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

*k%k
*%*

*

*k*k

*%*

*%

*%k%k

*%



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

Fig. S1. Number of collected ant species along the land-use gradient for eacthadalstudy
regionsThe black lines represent the exponential function of a GLM for species number and

increasing landise intensityThe grey areas represent the 95 % confidence intervals.
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Fig. S2. Effects of mowing (a), grazing (b) and fertilization (c) intensity onbeuraf ant
species, grey for Alb, blue for Hainich and red for Schorfheide. The black line représents t
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exponential function of a GLM for species number #mel landuse type The grey areas

represent the 95 % confidence intervals.

Fig. S3.The number of ant nests (in total 503 nests on 62 plots) in dependence-o$d¢and
intensity between the differenégions over all plots (n= 110), The black line represents the
exponential function of a GLM for number of ant nests and increasing land-use ynténsit

grey area represents the 95 % confidence interval.
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Fig. S4. Boxplot showing theccurrence of visually detected ant nests per species in the three regions

along the number of cuts per year, alphabetically ord&ledk dots represent outliers.
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Ecosphere

Effect of forest management on temperate ant communities

Michael E. Grevé]org Hager, Wolfgang W. Weisser, Peter Schall, Martin M. Gossner and

Heike Feldhaar

Appendix S1
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Table S1List of ant species found in each region including the number of plots wiesr
occurred and their abundance as the number of times (month x trap) a speciegtiis

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
Myrmica rubra 7 20
Myrmica ruginodis 40 172
Temnothorax nylanderi 1

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

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

83



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 assuybeds was < 10 %
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Table S2. Ant species found at the Schorfheide with the trait values arsétikefcalculation of FLy. Trait
information marked wit are taken from Seifert (2007, 2017) and marked wihe taken from Arnan et ¢
(2017). Abbreviations: CS, colony si2&L, Weber’s length; Zoo, assumed percentage animal diet of tota
intake; Nectar, assumed percentage of nectar diet of total food intake; @sspimed percentage trophobic
based diet of total food intake; Plant, assumed percentage plant basefdtali#l food intake; Dom, behavioral
dominance, nQ, number of queens per nest, nN, number of nests per coldbngploRy foundation type. Dal
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 0.58 0.13 0.21 0.08 0 0 0 1
Formica (Serviformica)

fusca 7.31 1.96 0.5 0.1 035 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 0.48 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 10.31 151 0.25 0.07 0.64 0.04 1 0 0 0
Lasius niger 852 137 0.34 0.05 056 0.05 1 0 0 1
Lasius platythorax 852 122 0.34 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 852 1.06 0.39 0.18 0.37 0.06 1 0 0 1
Lasius psammophilus 852 117 0.35 0.14 0.5 0.01 0 0 1 1
Polyergus rufescens * 731 241 0.5 0.1 035 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 563 140 0.72 0.004 0.2 0.04 0 05 0 0.5
Myrmica rubra 7.38 147 0.48 0.05 0.37 0.1 0 1 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 0.51 0.07 0.37 0.05 0 1 0 0.5
Myrmica scabrinodis 6.40 141 0.1 0.06 0.4 0.03 0 05 0 0.5
Stenamma debile 403 099 0.95 0 0.02 0.03 0 1 1 0
Temnothoraxrassispinus 4.38 0.77 0.95 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

guadripunctatus 5.70 1.1 0.61 0.13 0.13 0.13 0 0 1 0
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Table S3. Description of the different traits for the calculation of the FD

Trait Data type States
Cs Continuous Mean colony size (log transformed)
WL Continuous Mean Weber’'s length of worker (mm)
Continuous
Zoo, Nectar, Troph, ) . .
and Plant Assumed relative percentage of animalectar, trophobiosis or

plantbased 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 indeper

colony founding; (1) Independent colony founding

* detailed analyses are published in &\gllenstein(1952, Adlung (1966%or Formica rufa Horstmann (1970)
for F. polyctena

LITERATURE CITED

Adlung, K. (1966) A critical evaluation of the European research on use of red wood ants
(Formica rufagroup) for the protection of forests against harmful insects. Zeitsdlnrift f
angewandte Entomologie 57:167-189.

Horstmann, K. (1970nvestigation on the food consumption of red wood dnbsrilica
polyctenaFoesster) in an oak foresDecologia 5:138157.

Wellenstein, G. (1952) Zur Ernéhrungsbiologie der Roten WaldamEsenica rufal.).
Zeitschrift fur Pflanzenkrankheiten (Pflanzenpathologie) und Pflanzenschd&059:
451.

Seifert, B. (2007) Die Ameisen Mitteind Nordeuropad.utra Verlagu.
Vertriebsgesellschaft, Boxberg OT Klitten/Tauer, Germany

Seifert, B. (2017) The ecologyf Central European noarboreal ants- 37 years of a broad-
spectrum analysis under permanent taxonomic corgoil.Organisms89:1-67.
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Table S4. Number of ant species found in the different management typéseanumber o
plots where the particulanumber of ant species was found for each management type and
region (based on n = 150 plots).

Management type Number ant species per pl Alb  Hainich Schorfheide
Beech everaged 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 unevesaged 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 everaged 3 - - 1
5 - - 3
6 - - 1
8 - - 2
Pine everaged 6 - - 2
7 - - 1
8 - - 1
9 - - 4
10 - - 2
11 - - 2
12 - - 1
13 - - 1

(o]
~
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Table S5. Result of the multi model averaging approach fax. ADe relative importance values of ea
SUHGLFWRU YDULDEOH DUH FDOFXODWH®RGHOBKH MXR R3,&F&F ZIPL ZKV
variable appears and the number of models which contained the precisesviargthied.

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 spiebiesss with region as fixed factor. Tl
relative importance values of each predictor variable are calculated as the suns afeddfits over all models
ZLWK 0%,&F LQ Zable BppedrKand YhD kuimber 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 (lharv) 65 7
Stand structural complexity 46 5
Soil moisture 19 3
Tree species diversity 15 2
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Table S7Path coefficients of the significant unidirectional relationships amongblas of Fig. S3. Due to the hig
complexity of Fig S3, the path coefficients are not included in the fied was done in Fig 2, 3 and Fig S5.

Predictor Response Coefficiernt SE P-value
Ant abundance Ant species richness 1.0t 9.36e02 >0.007***
Pine Ant species richness 1.34 4.16e01 0.00z**
Tree species richness Ant species richness 0.1t 5.19e02 0.00€**
Arthropod species richness  Ant abundance 0.02 4.36e03 >0.007***
Spruce Ant abundance -1.0¢ 3.42e01 0.00z**
Hainich (region) Ant abundance -0.94 3.13e01 0.002**
Temperature amplitude Ant abundance 0.01 4.39e03 0.01z*
Arthropod biomass Ant abundance -0.0t 2.32e02 0.03¢&*
Hainich (region) Arthropod species richness 22.74 6.12e+0( >0.007***
Schorfheide (region) Arthropod species richness 49.72 1.57e+0: 0.00z**
Stand structural complexity  Arthropod species richness 5.6& 1.94e+0( 0.004**
Arthropod biomass Arthropod specieschness 1.31 4.62e01 0.00E**
Pine Arthropod species richness 22.0< 7.99e+0( 0.007**
Temperature amplitude Arthropod species richness 0.21 8.82e02 0.01¢*
Canopy cover Arthropod species richness -24.4¢ 1.09e+0: 0.027*
Tree age Arthropodspecies richness -0.0¢ 4.43e02 0.04%*
Hainich (region) Arthropod biomass -6.74 1.02e+0( >0.007***
Tree species richness Arthropod biomass -0.47 1.94e01 0.017*
Oak Arthropod biomass -4.2C 1.76e+0( 0.01¢*
Canopy cover Temperature amplitude -46.14 1.02e+0: >0.007***
Tree age Temperature amplitude -0.11 4.34e02 0.00¢**
Leaf litter thickness Temperature amplitude 5.17 2.02e+0( 0.01z*
Oak Temperature amplitude -20.7¢ 9.02e+0( 0.02:*
Schorfheide (region) Temperature amplitude -29.32 1.42e+0: 0.041*
Hainich (region) Soil moisture -7.73 1.38e+0( >0.007***
Schorfheide (region) Soil moisture -22.95  4.46e+0( >0.007***
Pine Soil moisture -5.11 2.33e+0( 0.02*
Spruce Canopy cover -0.28 5.60e02 >0.007***
Schorfheide (region) Canopy cover -0.17 5.49e02 0.00z**
Pine Canopy cover -0.1¢ 6.29e02 0.002**
Tree species richness Canopy cover 0.03 9.14e03 0.002**
Stand purity Canopy cover -0.12 4.25e02 0.00E**
Oak Canopy cover -0.2C 8.26e02 0.01¢*
Schorfheide (region) Leaf litter thickness 6.2€ 4.01e01 >0.007***
Pine Leaf litter thickness 1.9C 3.11e01 >0.007***
Canopy cover Leaf litter thickness 1.7t 4.12e01 >0.007***
Hainich (region) Leaf litter thickness -0.69 2.20e01 0.00z**
Treeage Leaf litter thickness 0.0C 1.83e03 0.031*

90



Fig. S1.Proportion of harvested tree volunikearv) betweerthedifferent regions.

Fig. S2.Proportion of harvested tree volumbdrv) betweerthe differentmanagementypes
(based on n = 150 plots)
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Fig. S3 Final piecewise structural equatimnodel (based on n = 14lots) exploring the direct

and indirect effects of forest management on ant species riclitieslse region as fixed factor

in the global modelBoxes represent measured variables. Arrows represent significant (p <
0.05), unidirectional relationships among variables. Black are positive and red algenegat
relationships. Dashed arrows are used to reduce the owatdareport the path coefficients as
standardized effect sizesTable S7 to enhance the comprehensibik&yvalues for component

models ae given in the boxes of their response variables.
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Fig. S4 Final piecewise structural equation model (based on n = 44 plots) exploring the direct
and indirect effects of forest managemenEB®w at the Schorfheide. Boxes represent measured

variables. Arows represent significant (p < 0.05), unidirectional relationships among variable

Black are positive and red are negative relationships.

Fig. S5.Percentage ofanopy cover of the differemianagemertypes(based on n = 150 plots)
assessed by airborne LIDAR in summer 2008 and 2009 duringrieadndition

93



Manuscript 3:

Authors: Michael E. Grevé, Sanja Blaha, Joseph Teuber, Melanie Rothmaier, Elelikadf

Title: The effect of ground surface rugosity on ant running speed is spgpaesic rather than
size dependent.

Journal and statufnsectes Sociaux2019). 66:355-364
https://doi.org/10.1007/s00040-019-00694-z

Own contribution: concept and study design 80%, data acquisition 20%, analyses of samples

20%, data analyses and figures 95%, discussion of results 80 %, manuscript writing 80%

MEG and HF conceived the study. SB; JT and MR performed the experiments. MEG and HF
analyzed the data. MEG and HF wrote the manuscript. All authors helped to improve the

manuscript. MEG is the corresponding author.

94



95



96



97



98



99



100



101



102



103



104



The effect of ground surfacerugosity on ant running speed is species
specific rather than size dependent.

Michael E. Grevé, Sanja Bladha, Joseph Teuber, Melanie Rothmaier and Heike fFeldhaa

Appendix

Fig. S1Thedifferent surfaces used in this study under 20x magnification. The grasaia
stated above each picture.

Fig. S2Design of the arenas used in the expents
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Fig. S3Thenumber of strides per species made to walk the measured five cerdimatethe
different surfaces. A stride was defingslthe setting down of a foot to the setting down of the

same foot.
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Fig. S4Comparison othe number of strides tiie differentCamponotusastes of both species
made to walk the measured fieentimetre®ver the six different surfaces stride was defined
as the setting down of a foot to the setting down of the same foot. Due to color variatien of t

"1-2 mm sard, it was not possible to count the exact number of strides, as the contours of the

legs became fuzzy.
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