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Introduction

1. Species distribution patterns on various scales

One of the major challenges in modern ecology is to achieve a better understanding of the

patterns  of  species  richness  and  distribution.  These  patterns  are  known  to  vary  on  many

different scales – from global over regional to single habitats.  A considerable portion of the

research performed on this topic has centered on arthropods, especially insects. Not only they

make up the largest part of all organisms on this planet, they also hold key positions in almost

all terestrial ecosystems and thus are of great interest to ecological research.

On the global scale it has long been known that insect species richness, just like that of

most plants and animals, generally increases with decreasing latitude (e.g. Kocher & Williams;

Lobo & Martín-Piera; Hawkins & DeVries 2009). There are a number of hypotheses to explain

the phenomenon (review in Willig et al 2003), among others a greater number of ecological

niches and higher rates of speciation in tropical habitats compared to temperate ones due to

predation  and  competition.  Patterns  along  altitudinal  gradients,  which  also  display  notable

differences in climate (Rahbek 1995) and soil conditions (Meng et al. 2013, Geml et al. 2014)

along their course, tend to show greater variety: Insect species richness has often been shown to

decrease with elevation (e.g. Robertson 2002; Escobar et al. 2007) but may also increase or

exhibit a mid-elevation peak (e.g. Davis et al. 1999; Yu et al. 2013). 

On the scale of the single habitat an immense amount of research on distribution patterns

of insects has been conducted in forests. This is unsurprising, considering that forests are the

main terrestrial source of primary production as well as spatially complex habitats (Basset et al.

2003b).  Since  habitat  fragmentation  has  been  deemed  on  of  the  major  threats  to  global

biodiversity (Haddad et  al.  2015) the horizontal  patterns  of  insect  distribution, between the

edges and the interior of forests, have been intensively investigated during the last decades. It

has been discovered that in many cases insect assemblage show higher diversity and abundance

on forest edges compared to the interior (e.g. Aaron et al. 2005, Brigić et al. 2014), even though

there are also species that only occur in the latter (Peltonen & Heliövaara, 1997). This “edge

effect” is hypothesized to be caused, on one hand, by differences in abiotic factors like sun

exposure, moisture and wind (Young & Mitchell 1994, Murcia 1995). On the other hand, even

biotic  factors  like  parasitism and  predation  have  been  shown to  differ  between  edges  and

interior (e.g.  Martinson & Fagan 2014, Kelch et al. 2016).  

Despite the high efforts that were put into investigating the distribution of insects in along
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the  horizontal  dimension of forest  habitats, even more attention may have been paid to the

vertical distribution of insects in forests. The question of how insect assemblages are stratified

in forests has intrigued entomologists for almost a hundred years, and it will also be a major

topic  of  this  thesis. The term “stratification” has been defined as a non-uniform vertical

distribution by Moffett (2000). This is also applicable on the different abundance and diversity

of organisms between the canopy and the understorey of forests. The idea of a rich biocoenosis

in tree canopies – that differs from the ground dwelling fauna – had been existing in the minds

of nature researchers since the first half of the last century (Sutton 2001) as a basic concept of

ecology (Smith 1973). Besides being obviously the main place of the primary production in

forests (Basset et al. 2003a), canopies are affected by different biotic and abiotic factors than the

understorey (Parker 1995). Such  a vertically definable range is  therefore referred to as

“stratum” (Moffett 2000). However, it was the poor accessibility of tree crowns had prevented

an extensive research on this habitat for a long time. In this context the canopy was also called

“the last biotic frontier” (Erwin 1983).

The pioneer work of canopy research started in tropical forests (Lowman & Moffet 1993),

because of the obvious complexity of their tree crowns (for a detailed review of the methods see

Nadkarni 1994, Lowman & Wittman 1995, Sutton 2001 and Basset et al. 2003a). Over the

course of decades canopy research made what Sutton (2001) calls a transition from “the

'wonderland' phase to reality”. This describes a shift from the exploration of an unknown

habitat out of sheer scientific curiosity to an extensive investigation of the canopies, which

includes habitat traits, bionomics and the impact of anthropogenic influence on the inhabiting

organisms. These are important fields of research, considering the key role of tree crowns in

ecosystem processes and the dependency of humanity on forests (Basset et al. 2003a). Because

of this considerable need for research, this also highlights the importance of long term research

projects (Lowman & Wittman 1995, DeVries & Wall 2001, Lewinsohn et al, 2005, Leksono et

al. 2005) and the building of scientific networks. Another development against this background

is the shift from purely descriptive to manipulative investigations (Sutton 2001, Basset et al.

2003a) which allow more precise investigation for example of effects of predation (Gruner &

Taylor 2006) or habitat choice (Vodka et al. 2009, Goßner et al. 2013) of organisms. By now

canopy research and the concept of forest stratification has become so well known that it has

even widely been featured in popular scientific media (Parker & Brown 2000). 

Insects are a group that was heavily focused on in stratification research –  at the latest

since Terry Erwin´s (1982) startling calculations on global species diversity. Based on his

studies on tropical canopy dwelling herbivores he came to the assumption of almost 30 million
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yet undescribed  species. Since then a considerable number of studies showed a stratification of

insect assemblages in forests (e.g. Intachat & Holloway 2000, Schulze et al. 2001, Fermon et al.

2005, Bos et al. 2007, Paniagua et al. 2009). Even though Erwin´s conclusions are subject of

controversial debate up to date (Stork 1988, Odegaard et al. 2000), the high diversity of

arthropods in this stratum and the distinct faunistic turnover to the ground communities in

tropical forests is well known today (Basset 2001). This also emphasizes the importance of

canopy research to the understanding of  conservation and  biodiversity (Nadkarni 1994).

Furthermore, understanding stratification is a way to understand the mechanisms of species

community composition and diversity (Schulze et al. 2001). Sampling of arthropod specimen in

tree crowns can be achieved in several ways (with the above mentioned methods of access): By

sweeping (e.g: Dowdy 1947) or branch-clipping (e.g: Winchester & Ring 1996, Odegaard et al.

2000, Paniagua et al. 2009) and a wide array of traps like water pan traps (e.g: Leksono et al.

2005), gauze traps (e.g: Fermon et al. 2005), malaise traps (e.g: Birtele & Hardersen 2012,

Stireman et al. 2012), light traps (e.g: Intachat & Holloway 2000, Schulze et al. 2001), flight

intercept traps (e.g: Ulyshen & Hanula 2007, Gruppe et al. 2008, Ammer et al. 2008) and

chemical knockdown fogging (e.g: Erwin 1983, Stork 1988, Ozanne et al. 2000, Lewinsohn et

al. 2005, Bos et al. 2007). According to Tanabe (2002), the received information on insect

behavior is critically influenced by the type of trap that is used. Winchester & Ring (1996)

stress that, because of the complexity of arboreal arthropod communities, a wider array of

sampling methods is necessary to sample them representatively.

While the larger part of research projects on stratification and canopy fauna (especially

arthropods) has been conducted in tropical habitats, the temperate forests have long been

neglected in this matter (Winchester & Ring 1996, Ulyshen & Hanula 2007, Floren & Schmidl

2008). The reason for this is that the number of forest strata is known to decrease with

increasing latitude (Smith 1973). This makes temperate and boreal canopies less complex with

fewer ecological niches (Lowman et al. 1993) and also seemingly housing a smaller number of

canopy specialists (Floren & Schmidl 2008, Ulyshen 2011). Nevertheless the past two decades

have shown an increasing number of research works on canopy arthropods (e.g: Dennis et al.

1995, Winchester & Ring 1996, Ozanne et al. 2000, Jukes et al. 2002, Floren & Sprick 2007,

Otto & Floren 2007, Asshoff et al. 2008) and the subject of stratification (e.g: Tanabe 2002,

Leksono et al. 2005, Gruppe et al. 2008, Birtele & Hardersen 2012, Stireman et al. 2012). Thus

also temperate canopies have been recognized as vast and rich habitat (Floren & Schmidl 2008)

and the forests as distinctively stratified (Bouget et al. 2011). Vertical distribution of arthropods

is influenced by factors like tree species, resources, micro climate and biotic interactions (for a

5



Introduction                                                                                                                                      

review of stratification factors see: Ulyshen 2011). Recently the enthusiasm about purely

descriptive investigations has decreased (Floren & Schmidl 2008). Instead, another aspect of

canopy and stratification research has become increasingly interesting: Tree crowns and their

inhabitants contribute in a massive way to the diversity and functionality of the forest

ecosystem. Understanding these distribution patterns, community dynamics  and ecological

values of the associated organisms is crucial for the development of nature conservation

measures (see e.g: Dennis et al. 1995, Sorensen 2004). This has become an important field of

research since destruction and conversion of forest habitats –  tropical as well as temperate –

have led to an alarming loss of species diversity (Siitonen 2001, Basset et al. 2003a, Jeffries et

al. 2006). A great advantage in this matter is the comprehensive faunal knowledge in most

temperate regions: As opposed to tropical forest canopies where previously undescribed

arthropods are constantly found (Basset et al. 2003a), the autecology of most temperate canopy

dwellers is well known (Floren & Schmidl 2008).

All in all this development marks an important change of mind in the field of canopy

research: After exploring the “wonderland” the scientists – having arrived in the harsh reality –

now look for a way to preserve what they found.

2. The status of saproxylic beetles in forest ecosystems

Saproxylics include all organisms that depend during any part of their life cycle on dead or

dying wood of moribund or dead trees (standing or fallen), on wood inhabiting fungi or on the

presence of other saproxylics (Speight 1989). Dead wood forms a very variable substrate that

can provide hundreds of different microhabitats (Siitonen 2001). This resource can be

categorized in several ways: First a difference is made between lying and standing dead wood

(Sverdrup-Thygeson & Ims 2002, Hjälten et. Al 2006, Ulyshen 2011). The former includes the

objects that have fallen to the ground (logs and branches of different diameters) and the latter

still standing parts of dead trees (snags) as well as suspended decaying parts of tree crowns.

Furthermore, dead wood objects are classified according to their size as coarse woody debris

(CWD) and fine woody debris (FWD) (Siitonen 2001, Nordén et al. 2004, Lassauce et al.

2012). Lastly it is the age of the wood that is of importance: A succession takes place over the

process of decay (Bouget & Duelli 2004, Vanderwel et al. 2006) and fresh dead wood objects

house distinctively different communities of saproxylics than old ones.

The two most specious saproxylic groups are fungi and beetles (Müller et al. 2008,

Lassauce et al. 2011) as 25% of the just European beetle species belong to this group (Schmidl

& Bussler 2004). Both provide a substantial contribution to wood decomposition and nutrient
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cycling in forest systems: The former by directly decomposing the wood matter (Bader et al.

1995) and the beetles by acting as vectors for associated fungi (Yamaoka 1997, Siitonen 2001,

Barker 2008) during their colonization of newly dead wood. Of all saproxylic groups the beetles

have received by far the most attention of researchers. One reason for this is that they are very

well recorded in terms of their taxonomy and autecology (Siitonen 2001, Müller & Goßner

2010) –  since beetles have always been an attractive group to entomologists. Certain species

like the longhorn beetle Cerambyx cerdo have also been identified as ecosystem engineers

because of their ability to take major influence on the physical properties and species diversity

of the dead wood they inhabit (Buse et al. 2008). Another phenomenon that makes beetles an

interesting and important research subject are outbreaks – the mass reproduction events of so

called “pest species” (Similä et al. 2003, Floren & Sprick 2007). Several of these species belong

to the very diverse (Martikainen et al. 1999) subfamily of bark beeltes (Curculionidae:

Scolytinae). During outbrakes the beetles attack and kill even living trees (Schönherr &

Krautwurst 1979, Yamaoka 1997, Hedgren 2003) which can lead to heavy damages in forest

stands. That is why understanding these dynamics is also of ecological and economical interest.

Most of the investigations on saproxylic beetles have been performed in the boreal regions

of Fennoscandia (Nordén et al. 2004, Müller at al. 2008). On the other hand, the number of

studies from tropical habitats is rather low (but see Odegaard 2004). Sampling of the dead wood

dwellers is in most instances accomplished by hand (e.g: Jonsell et al. 1999, Siitonen & Saaristo

2000, Abrahamsson & Lindbladh 2006, Schroeder et al. 2007) or by the use of traps: Flight

intercept traps (e.g: Martikainen et al. 1999, Similä et al. 2003, Gibb et al. 2006, Cobb et al.

2010,  Müller & Goßner 2010, Wu et al. 2013) and stem eclectors (e.g: Hedgren 2003,

Hilszczanski et al. 2005) provide a measure of beetle activity (Sverdrup-Thygeson & Ims

2002). Another method is the rearing of saproxylics from collected wood objects in the lab (e.g:

Hedgren & Schroeder 2004, Vanderwel et al. 2006, Ulyshen & Hanula 2007, Vodka et al. 2009).

Compared to the research of stratification, the studies  on saproxylic beetles include  a much

higher amount of manipulative experiments: Researchers cut and manipulate trees and wood

objects to create suitable substrates (e.g: Hedgren 2003, Jonsell et al. 2004, Kappes & Topp

2004, Ulyshen & Hanula 2009) or plant fungi (Jonsell et al. 1999) and dead wood enrichments

(Vodka et al. 2009, Bouget et al. 2011, Goßner et al. 2013) as baits. The research of the past

decades has revealed that the abundance and community structure of saproxylic beetles is

influenced by a wide array of factors: These include tree species (e.g: Kappes & Topp 2004,

Jonsell et al. 2004, Jacobs et al. 2007, Goßner et al. 2013), wood size (e.g: Siitonen & Saaristo

2000, Siitonen 2001) and age (e.g: Abrahamsson & Lindbladh 2006, Vanderwel et al. 2006,
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Laussauce 2012), occurrence of fungi (e.g: Okland et al. 1996, Müller et al. 2008), humidity

(e.g: Bouget & Duelli 2004), sun exposure (e.g: Weslien & Schroeder 1999, Franc et al. 2007,

Franc & Götmark 2008, Russo et al. 2011, Albert et al. 2012). In forest stands most of these

factors are also correlated (Siitonen 2001). 

Especially the influence of forest management on the beetle communities has become a

subject of interest since they share a massive problem with all the saproxylic groups –  the

concerning scarcity of their substrate: Over the last centuries the forest habitats in Europe have

been diminished or modified, which changed their tree species composition, forest structure,

micro climate and ecosystem functions (Reich et al. 2001, Rüther & Walentowski 2008).

Todays managed stands contain only 2 – 30 % of the amount of dead wood that can be found in

pristine forests (Fridman & Wahlheim 1999). And this small amount of possible substrate is also

less diverse than in unmanaged stands (Siitonen et al. 2000). Since many saproxylic beetle

species are highly specialized (Schmidl & Bussler 2004) this development has a severely

negative effect on them: Today a high proportion of the dead wood associated species in Europe

is endangered (see:  Jonsell et al. 1998, Fridman & Wahlheim 1999, Siitonen & Saaristo 2000,

Floren & Schmidl 2008). The ecological consequences of this loss of saproxylics are hard to

estimate (Cobb et al. 2010) Furthermore it has been shown that associated species like predators

and parasitoids of saproxylic beetles are more sensitive to habitat disturbance than their prey

(Komonen et al. 2000, Siitonen 2001, Hilszczanski et al. 2005). Another problem is that the

diminishing diversity of the beetle communities reduces the competition among the remaining

species (Löyttyniemi 1975). Together with the predator release and the fact that managed forest

stands are very uniform (Jonsell et al. 1998) this condition could favor the above mentioned

pest species outbreaks. The reason for the lack of decaying wood in managed forests is that it is

thoroughly removed. This  is  done  due  to  modern forestry practices  which are aiming for

maximized harvest of biomass (Kappes & Topp 2004). Because of the trend to use wood as

CO2-neutral biofuel this also includes small wood objects (Lassauce et al. 2012). Another

reason for the removal is the fear of outbreaks (Jonsell et al. 1998, Bouget et al. 2005a) – even

tough Kappes & Topp (2004) stress that continuing dead wood supply could keep both the

populations of possible pest species and their antagonists in balance. The removal includes also

the wood resulting from natural disturbances like wind throws which are largely responsible for

dead wood continuity and the forming of new habitats in natural forests (Bouget & Duelli 2004,

Bouget 2005b). Forest fires, another natural disturbance that certain saproxylics depend on –

especially in boreal habitats (Buddle et al. 2006, Hjälten 2006) –  are generally excluded in

managed forests (Toivanen & Kotiaho 2007).
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Over the past years many authors have made recommendations for management measures to

improve the situation of endangered saproxylic beetles: On one hand the preservation of old

growth forests is important because these habitats provide a high amount and long continuity of

decaying wood and sustain shade loving beetles as well as species with poor dispersal abilities

(Jonsell et al. 1999, Sverdrup-Thygeson & Ims 2002, Schroeder et al 2007). On the other hand

it is possible to sustain a high amount of saproxylic beetle diversity in managed forests if a

sufficient and continuous amount of dead wood is provided (Martikainen 2001, Schmidl &

Bussler 2008). Structural diversity has to be increased and old forest attributes established

(Siitonen et al. 2000). A very important point in this is the retention of old standing dead or

dying trees (Jonsell & Weslien 2003, Hedin et al. 2008, Ammer et al. 2008, Ulyshen 2011).

These contain more diverse communities than younger trees (Buse et al. 2008, Gruppe et al.

2008) because they provide rare habitats like rotholes (Sebek et al. 2013). Another important

factor is tree species composition: Mixed forests are generally more favorable for saproxylics

than monocultures (Ammer et al. 2008). Special attention should be payed to oak trees because

these are substrate for a very diverse assemblage of saproxylic beetles (Schmidl & Bussler

2008, Lassauce et al. 2012) and form a great amount of dead wood already as standing trees

(Ammer et al. 2008). A near-to-nature forest management can also include the mimicking or

tolerating of natural disturbances like windthrow or fire (Bouget & Duelli 2002, Toivanen &

Kotiaho 2007, Liegl & Dolek 2008) to create valuable habitats for specialists. A complete

“hands-off” tactic in formerly managed forest can lead to a dense and shaded forests which is a

rather negative development (Vodka et al. 2009) since many saproxylic species prefer more

open habitats. The reason is not only their need for sun exposed substrate but also the

dependence of the adults of flower nectar (Gruppe et al. 2008).

All in all, saproxylic beetles and their feeding- and habitat guilds have become important

tools for nature conservation and landscape planning (for a detailed guild classification of the

central European saproxylic beetles see: Schmidl & Bussler 2004). Many of them are known to

be indicators for valuable habitats (Martikainen et al, 2000, Buddle et al. 2006, Goßner et al.

2013) and some prominent single species –  like the above mentioned Cerambyx cerdo or

Osmoderma eremita –  have become flag ship species for the whole saproxylic group and the

importance of dead wood as a resource (Buse et al 2008).

3. Distribution patterns of saproxylic beetles

Because of the important ecological role of saproxylic beetles it has been of great concern to

researches to understand their distribution and community structure in forest habitats. A large
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number of studies have focused on the horizontal distribution in forests and discovered that the

beetle assemblages on forest boundaries or the edges of clearings often show high diversity (e.g.

Peltonen et al. 1997, Wermelinger 2007 et al., Vodka et al. 2009, Normann et al. 2016). This is

mostly attributed to the warm and sunny microclimate at these localities, which is favorable to

many saproxylic beetle species (Jonsell et al. 1998, Lindhe & Lindelöw 2004). On the other

hand, there are also species that can only be found in the inner parts of a forest (Peltonen &

Heliövaara, 1997). Furthermore it has been shown that the beetles communities often display

distinct  compositions  between  forest  sections  that  are  subjected  to  different  management

regimes (e.g: Martikainen et al. 2000, Schmidl & Bussler 2008). 

Since the enthusiasm for stratification research has been delayed for temperate and boreal

forests, the investigation of saproxylic beetle distribution patterns along the vertical dimension

only started in recent years. Yet, the benefit is obvious, considering the different traits of lying

and standing dead wood (Ulyshen 2011) and the key role of saproxylic communities in forest

ecosystems (Schmidl & Bussler 2004, Bail & Schmidl 2008). It is important for conservation to

find out in what way canopy dwelling saproxylic organisms contribute to the diversity and

functionality of the whole forest habitat. The amount of dead wood may seem to be small in this

stratum –  especially in managed forests (Goßner et al. 2013). But in  certain  habitats like

coppices with oak trees the decaying wood in crowns can make up around 50% of this resource

in the whole stand (Ammer et al. 2008). Also Vodka & Cizek (2013) show that the quality and

position of dead wood have a more important influence on the saproxylic communities than the

quantity.

The first tendencies of stratification could be seen when authors compared saproxylic

communities in lying and standing dead wood of logs and snags (Sverdrup-Thygeson & Ims

2002, Kappes & Topp 2004, Hjälten et al. 2006 Ulyshen & Hanula 2009). All found differences

between the beetle assemblages of the two substrates and Ulyshen & Hanula (2009) recognized

the importance of standing dead wood for species conservation. Abrahamsson & Lindbladh

(2006) also found a vertical succession along snags during the process of decay. It was not long

before experiments were started that concentrated more on the phenomenon of the distribution

of saproxylic beetles between the different forest strata (Wermelinger et al 2007, Gruppe et al.

2008, Vodka et al. 2009, Foit 2010, Bouget et al. 2011, Albert et al. 2012, Goßner et al. 2013,

Vodka & Cizek 2013). Again the authors have to face the challenge of sampling specimens from

the poorly accessible tree crowns. For the majority of experiments they have relied on flight

interception traps that monitor the flying behavior of beetles and are rather easily installed in

the canopy. If the study focuses on one single species, another alternative is to access the crown 
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with climbing techniques and detect the beetle presence by their exit holes (Albert et al. 2012).

Rearing of specimens from collected wood is another method that is used and several

manipulative experiments have included the placement of considerable amounts of dead wood

in tree crowns (Vodka et al. 2009, Bouget et al. 2011, Goßner et al. 2013).

The results of these experiments showed  a distinct stratification of the saproxylic beetle

communities between the forest strata: This applies for the composition of species as well as the

guilds: Generally, fungi dwellers and feeders are found to be more abundant and diverse in the

understorey (Goßner et al. 2013, Floren et al. 2016). This is most likely due to the more shady

and moist micro climatic conditions that are favorable for fungal growth. It has also been noted

that the vertical stratification shows differences between certain parts of the forest, i.e. the edge

and the interior (Wermelinger et al 2007, Vodka & Cizek 2013,  Normann  et  al.  2016).

Furthermore certain species have been noticed as “stratum changers” (Schmidl & Bussler 2008,

Vodka & Cizek 2013) that do just use the canopy opportunistically because they prefer a more

sun exposed substrate.

The overall results of the studies in this new field of research have shown that canopies

contribute in an important way to the abundance, diversity and functionality of saproxylic

beetle communities in forest habitats. Therefore they should not be ignored in conservation

measures and near-to-nature forestry. Yet there is still much need for further research: It is still

largely unknown how  forest management affects the canopy assemblages (Bail & Schmidl

2008). Canopy specialists  of  different  forest  types  and  tree  species have to be identified.

Furthermore, several authors (Su & Woods 2001, Basset al. 2003b) have emphasized the need

to  extensively sample  communities  along genuine  vertical  transects  using multiple  traps  to

detect any subtle or gradual differences. Yet almost all studies on the stratification of saproxylic

beetles only ever compared one stratum in the understorey and canopy (but see Wermelinger et

al.  2007).  Additionally,  there  have  been  practically  no  studies  where  the  investigation  of

horizontal and vertical distribution patterns was combined (but see Vodka & Cizek 2013).

4. Aims and scope of this thesis

This thesis aims to further increase our knowledge on the distribution of saproxylic beetles

across multiple scales from latitudinal to the vertical dimension of the forest habitat. For this

purpose  beetles  were  sampled  in  the  scope  of  extensive  surveys  from different  forests  in

Panama and the Czech Republic. The following chapters contain the results of the analyses of

this data.

Chapter  I  contains  a  study on the  fine-scale  vertical  stratification of  saproxylic  beetle
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assemblages  in  two different  temperate  forests  habitats.  A beech-fir  mountain  forest  and  a

lowland hardwood floodplain forest in the eastern Czech Republic. Both forests are known hot-

spots  of  saproxylic  beetle  diversity  in  this  country.  Unlike  in  most  studies  of  vertical

stratification  of  saproxylic  beetles,  our  sampling  took  place  along  vertical  transects  which

reached from the ground to the upper canopy and consisted of five flight intercept traps. The

main aim of this study is to investigate how species and feeding guild composition change

along these transects, and if these observed patterns differ between the mountain and lowland

forest.

Chapter II focuses on the role of open-grown, solitary trees in supporting communities of

arboricolous insects, including saproxylic beetles, and spiders. Numerous studies often mention

the importance of open-grown veteran trees for the biodiversity of saproxylic organisms. This

study was carried out in South Moravian floodplain forests that used to be composed of large

areas of wood-pastures that still contain some solitary trees in wooded meadows. It describes

communities of insects and spiders on solitary trees and compares these assemblages to those in

trees growing at  forest  edges and in the interior  of  closed-canopy forests.  Furthermore, the

stratification  of  these  assemblages  is  compared  between  the  edges  and  the  interior.  The

conservation value of particular habitats are also assessed, as well es the current conservation

issues associated with solitary trees.

Lastly, Chapter III expands the topic of Chapter I to an additional forest habitat. To explore

the  influence  of  latitude  on  the  distribution  of  saproxylic  beetles,  the  assemblages  of  the

lowland floodplain forest and the mountain forest in the eastern Czech Republic were compared

with those of a tropical lowland rainforest in Panama. This was made possible by collecting the

beetles in the scope of an extensive survey in the rainforest that used the same sampling design

along vertical transects as in both temperate forests. The community structure of saproxylic

beetles and especially their stratification has only rarely been investigated in the past. Again the

main aim was to investigate how species and feeding guild composition change along these

transects, and if these patterns differ between the three different forests.
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Abstract

The finer  scale patterns  of  arthropod vertical  stratification in  forests  are rarely studied and

poorly understood. Further, there are no studies investigating whether and how altitude affects

arthropod vertical stratification in temperate forests. We therefore investigated the fine-scale

vertical stratification of diversity and guild structure of saproxylic beetles in temperate lowland

and montane forests and compared the resulting patterns between the two habitats.

The  beetles  were  sampled  with  flight  intercept  traps  arranged  into  vertical  transects

(sampling heights 0.4, 1.2, 7, 14, and 21 m). A triplet of such transects was installed in each of

the five sites in the lowland and in the mountains; 75 traps were used in each forest type.

381 species were collected in the lowlands and 236 species in the mountains. Only 105

species (21%) were found at both habitats; in the montane forest as well as in the lowlands, the

species richness peaked at 1.2 m, and the change in assemblage  composition was most rapid

near the ground. The assemblages clearly differed between the understorey (0.4 m, 1.2 m) and

the canopy (7 m, 14 m, 21 m) and between the two sampling heights within the understorey, but

less within the canopy. The stratification was better pronounced in the lowland, where canopy

assemblages were richer than those near the forest floor (0.4 m). In the mountains the samples

from 14 and  21  m were  more  species  poor  than  those  from the  lower  heights.  The  guild

structure was similar  in  both habitats.  The main patterns  of  vertical  stratification and guild

composition were strikingly similar between the montane and the lowland forest despite the low

overlap of their faunas. The assemblages of saproxylic beetles were most stratified near ground.
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The comparisons of species richness between canopy and understorey may thus give contrasting

results depending on the exact sampling height in the understorey.

Introduction

Understanding  the  patterns  of  distribution  of  organisms  on  various  scales  is  one  of  the

fundamental  questions  of  current  ecology.  It  is  also essential  for  biodiversity conservation,

forestry  and  agriculture.  Altitude  is  among  the  most  prominent  factors  influencing  the

distribution of organisms due to its effect on abiotic factors such as climate (Rahbek 1995) and

soil  conditions  (Meng  et  al.  2013,  Geml  et  al.  2014).  Distinct  turnover  in  community

composition thus often occurs along altitudinal gradients (Jung J et al. 2012, Wu et al. 2012,

Zou et al. 2014). In arthropod communities, species richness mostly decreases with elevation

(Robertson 2002, Escobar et al. 2007); it may, however, also increase or exhibit a mid-elevation

peak (Davis et al. 1999, Yu et al. 2013).

Forests  are  three-dimensional  habitats  where  organisms  are  also  distributed  along  the

vertical gradient between forest floor and tree tops (Basset et al. 2003). Depending on the type

of forest and taxa studied, the vertical gradient in stratification of arthropod assemblages might

be imperceptible, or it  may result in a clear stratification between sampling heights (Tanabe

2002, Leksono et al. 2005, Wermelinger et al. 2007, Maguire et al. 2014, Basset et al. 2015).

The stratification patterns  also change with latitude  as  stratification is  more pronounced in

tropical forests than in temperate ones, probably due to the higher complexity of the vertical

structure of  tropical  forests  (Basset  et  al.  2003).  However,  the effect  of  other  geographical

factors, such as elevation above sea level on the patterns of arthropod vertical stratification, has

never been studied.

Insects associated with the wood of dead or live trees (i.e. saproxylic insects), especially

beetles, constitute a substantial portion of forest biodiversity. Owing to their ability to weaken

or  kill  trees  and  start  the  decomposition  process,  many  beetles  are  considered  essential

components  of forest  dynamics in the natural  forest  and serious pests in production forests

(Wermelinger 2004, Müller et al 2008). The recent decrease in the amount of dead wood and

old trees in forests has caused serious decline of numerous species (Siitonen et al. 2000, Floren

& Schmidl 2008). Saproxylic beetles are thus intensively studied due to their status as pests or

target species of nature conservation (Stokland et al 2004, Stokland et al. 2012, Bouget et al.

2013).  They also  serve  as  model  organisms  for  identifying  sustainable  forest  management

practices (Siitonen et al. 2000, Martikainen 2001, Grove 2002).

Despite numerous studies on the ecology of saproxylic beetles, very little is known about 
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their response to altitude. One study (Tykarski 2006) reported a decrease in species richness of

bark  beetles  and  their  associates  with  altitude,  while  Procházka  et  al. (unpublished  data)

reported shifts in community composition of bark beetles between lowland and montane forests.

Patterns  of  diversity and guild structure  between lowland and montane  forests  thus remain

largely unknown for the group.

Although the distribution of saproxylic  beetles along the vertical  gradient in temperate

forests has received much attention, a number of issues remain to be solved. Saproxylic beetles

are generally considered more abundant and diverse in the understorey of temperate forests,

they show a clear vertical  stratification and the canopy fauna is not a simple subset  of the

understorey  fauna   (Jonsell  &  Weslien  2003,  Hjältén  et  al.  2007,Wermelinger  et  al  2007,

Ulyshen MD & Hanula 2009, Bouget et al. 2011, Floren et al. 2014). Although several authors

(Su & Woods 2001, Basset et al. 2003) emphasized the importance of sampling insects along

genuine vertical transects, most studies on the vertical distribution of saproxylic beetles have

compared two sampling heights only (cf.  Bouget et al. 2011). Limited numbers, or a lack of

replicates, limit the information value of studies investigating stratification on a finer scale  (Su

& Woods 2001, Leksono et al 2005, Wermelinger et al 2007). One particular study (Basset et al.

2015) used an experimental design that was practically identical to ours (see Method section)

but studied the entire arthropod community. As such, we still lack authoritative information on

the distribution patterns  of  saproxylic  beetles  along genuine  vertical  gradients  in  temperate

forests.

To address the above issues,  we sampled saproxylic  beetles along a fine-scale vertical

gradient in temperate montane and lowland forests.  We investigated patterns of assemblage

composition, diversity, and feeding guild distribution along a vertical gradient in lowland and

montane forests and compare their patterns between the two habitats. Specifically, we aimed to

answer the following questions: (i) Is there a difference in the overall diversity and/or guild

structure of the beetle assemblages between montane and lowland forests? (ii) Do the patterns

of  vertical  stratification differ  between montane  and lowland forests?  (iii)  Is  the  change in

composition of beetle assemblages between understorey and canopy gradual or rather sudden?

(iv) How are the feeding guilds distributed among the sampling heights and are the distribution

patterns identical in both forest types?

Methods

Study sites

The  sampling  was  performed  in  one  lowland  area  and  one  mountain  range  in  the  Czech
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Republic.  Both  forest  areas  are  characterized  by  diverse  and  near-to-natural  tree  species

composition with a high volume of dead wood, many veteran trees and a rich, nearly complete

saproxylic fauna. The lowland part of the study was conducted in alluvial woodlands along the

lower Dyje (Thaya) and Morava (March) rivers in southern Moravia (48°37’- 53’ N, 16°36’-

17°05’ E; 150–153 m a.s.l., mean annual temperature 9 °C, average annual precipitation 524

mm).  The  terrain  was  flat,  the  prevailing  trees  were  pedunculate  oak  (Quercus robur),

narrowleaf  ash  (Fraxinus angustifolia),  hornbeam  (Carpinus betulus),  field  maple  (Acer

campestre), interspersed with limes (Tilia cordata, T. platyphyllos), European white elm (Ulmus

laevis), poplars (Populus alba, P. nigra),  and black alder (Alnus glutinosa). Historically,  the

forests were managed as coppice with standards or pasture woodland. These practices were

abandoned 60–150 years  ago  (Vrška  et  al  2006).  Sampling was  conducted  in  reserves  and

stands  that  had  escaped  the  intensification  of  forestry,  but  nevertheless  turned  from  oak-

dominated  sparse  woodland  to  closed-canopy  forest  dominated  by  shade-tolerant  species

(Miklín & Čížek 2014, Vrška et al 2006). Five sites within the four largest remaining fragments

of such stands in the area were included in the study (see below & Figure 1). The entire area is a

regional biodiversity hotspot and important refuge of saproxylic fauna (Rozkošný & Vaňhara

1996, Schlaghamerský 2000).  For an impression of the forest structure at the sampling sites see

Figure 1.

The montane part of the study was conducted in the Moravian-Silesian Beskids (Beskydy)

– a mountain range belonging to the Western Carpathians, situated in north-eastern Moravia,

Czech Republic  (49°10’- 39’ N, 17°59’-  18°44’ E,  mean annual  temperature 7 °C, average

annual precipitation 816 mm). The sampling sites had an elevational range of 715–1035 m a.s.l.

(mean 814 m). Sampling was performed in reserves,  historically partly managed as  pasture

forests, that have been left unmanaged for several decades (Vrška et al. 2009). The forest stands

at the sites were dominated by European beech (Fagus sylvatica), interspersed with silver fir

(Abies alba), Norway spruce (Picea abies), sycamore maple (Acer pseudoplatanus), European

ash (Fraxinus excelsior) and Scotch elm (Ulmus glabra).  The reserves are among the most

important refuges of montane saproxylic biodiversity in the Czech Republic (Horák et al 2009,

Vávra & Stanovský 2013). Five sites within four reserves were selected to match the situation

in the lowland area (Figure 2). For an impression of the forest structure at the sampling sites see

Figure  1.  The  research  in  the  lowland  sites  was  conducted  under  the  permit  8375/04-

620/1377/04 issued by the Ministry of Environment of the Czech Republic. At the montane

sites,  the  research  was  conducted  under  the  exemption  included  in  the  Resolution  of  the

Government of the Czech Republic No. 302. The research was performed on state owned land. 
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The above permits grant access to the protected areas involved in the research, and allowed for

sampling of insect species explicitly protected under national law.

Figure 1. Photo of the sampling sites Mionší (top) in the montane forest and Ranšpurk in the

lowland forest (below)
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Sampling design and technique

The sampling design was identical in the lowlands and the mountains. Five sampling sites were

selected in each of the two study areas (Figure 2). At each sampling site, three vertical transects

were installed. Each vertical transect consisted of five traps exposed at 0.4, 1.2, 7, 14, and 21

meters above the ground (height at the middle of the interception panels). Hereafter the first two

of these trap heights will be referred to as “understorey” and the other three as “canopy”. A total

of  150 unbaited flight  intercept  traps  were used,  with 75 traps  in  lowland and 75 traps  in

montane forest. Sampling was carried out in 2007 in the lowland and in 2008 in the mountains.

Due to the difference in the length of the vegetation season, traps at the lowland sites were

operated  from the  end  of  March  (after  ceasing  of  inundation)  until  the  end  of  September,

whereas traps at the montane sites were operated from the end of April (ceasing of snow cover)

until the end of September.  The sampling thus covered virtually the whole period of beetle

activity in both sampling areas.

In  the lowland,  vertical  transects  were installed at  four sites,  including Ranšpurk (two

triplets,  48°40'42.946"N,  16°56'55.018"E  and  48°40'40.446"N,  16°56'47.875"E),  Cahnov

(48°39'20.132"N,  16°56'26.013"E),  Dlúhý  hrúd  (48°42'44.484"N,  16°54'15.171"E),  and

Pajdavé  Kúty  (48°43'4.638"N,  16°53'35.404"E).  In  the  mountains,  vertical  transects  were

installed  at  four  sites,  including Mionší  (two triplets,  49°32'15.947"N,  18°39'34.435"E and

49°32'4.330"N,  18°39'37.149"E),  Salajka  (49°24'8.243"N,  18°25'6.036"E),  Razula

(49°21'38.648"N, 18°22'43.441"E), and Smrk (49°29'38.484"N, 18°22'16.705"E).

The distance between the study areas  was 150 km. The distances  between transects within

individual triplets (sites) was between 45 and 314 m (mean 103 m).

The  flight  intercept  traps  used  were  of  the  cross  vane  type  (the  two  perpendicular

transparent plastic panes were 50 cm high and 25 cm wide) with a roof, and a funnel connected

to  a collecting bottle  with  preservative  (saturated  salt  solution  with  a  drop  of  detergent  to

eliminate surface tension). The traps were emptied fortnightly. Relative cover of tree crowns

(%) above the trap transect was recorded by a camera with fish-eye lens (16 mm focal length)

and analysed using the software GapLightAnalyzer (Frazer et al. 1999).

Beetles (Coleoptera) associated with dead wood (i.e.  saproxylic and xylophagous ones)

were used as the model group in order to avoid contamination of the dataset by species not

associated with woodland habitats. All trapped beetle individuals were sorted and identified to

family level; saproxylic groups were identified to species level.
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Figure 2. Location of the study areas in Central Europe and positions of sampling sites in the

A) mountain forest and the B) lowland floodplain forest.

Species identity was revised by experienced specialists.  Staphylinidae were omitted from

the dataset due to difficulties with their identification. This is a common approach, unlikely to

affect  our  results  (Sebek  et  al.  2012,  Parmain  et  al.  2015).  Every  saproxylic  species  was

assigned  to  a  feeding  guild  as  either  mycetophagous,  xylophagous,  zoophagous,  or

saprophagous based on the most authoritative information available (Leschen et al 2010). All

species in any way associated with fungi were considered as mycetophagous. Species were

classified as threatened according to the Red List of threatened species in the Czech Republic
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Invertebrates (Farkač et  al  2005).  Furthermore,  species  were classified as “primeval forest”

species (stenotopic, and dispersal-limited species with close association to high quality forests

habitats) according to (Schmidl & Bussler 2004). The data are deposited in Dryad, a publicly

accessible digital repository: http://dx.doi.org/10.5061/dryad.39k32 

Data Analysis

Species richness and distribution

For the purpose of the following analyses the data collected fortnightly were pooled per trap

across the sampling period. To compare the overall species richness between mountains and

lowland  as  well  as  among  the  sampled  heights,  the expected  numbers  of  species  with

confidence  intervals  were  computed  using  sample-based  rarefaction  using  EstimateS  9.1.0

(Colwell 2013). These analyses were conducted with the whole species data set for all samples

of  the  two forest  areas  (N=75)  and  for  the  individual  sampling  heights  (N=15).  The  total

number of species was estimated using the classic Chao1 richness estimator with 100 runs for

each  of  the  two  sampling  areas  (Chao  1984).  Furthermore,  the  number  of  shared  species

between the pooled samples from each of the two elevations was estimated using the Chao

shared species estimator (Chen et al. 1995).

Multivariate analyses

The relations among sample composition and explanatory variables were investigated using

Redundancy Analysis (RDA), a linearly constrained ordination method that relates the species

composition  of  samples  to  external  predictors.  RDA  was  chosen  as  a  Detrended

Correspondence Analysis conducted in a pre-analysis showed a gradient length of less than 3.0

SD units (Šmilauer &Lepš 2014).  Separate ordinations were computed for  the lowland and

montane datasets. Trap height acted as the explanatory variable while sampling plot and canopy

openness (as  a surrogate for  insolation) acted as covariables.  All  species with five or more

individuals in the respective dataset  were included in the analyses. Axes were tested with a

Monte Carlo permutation test with 499 permutations. The same ordination was also used to

carry out a variation partitioning analysis for the montane and lowland datasets. Sampling plot,

trap  height,  and  canopy  openness  were  selected  as  explanatory  variables  in  this  analysis.

Ordinations were carried out using Canoco 5 (Ter Braak & Šmilauer 2012). Traps represented

samples  characterised by captures  of  beetle  species,  and explanatory variables.  The species

abundance data acting as the response variable was log-transformed and centred by species.

Trap height acted as a categorical variable. For constructing the ordination diagram scaling was 
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focused on inter-sample distances and species scores were divided by standard deviations.

Dissimilarity patterns

Similarity between assemblages of the five sampling heights in terms of species composition

was analysed by computing a Sorensen distance measure on all possible height pairings. For

this purpose the data of each sampling height in a given elevation were pooled and then turned

into presence-absence-data. Furthermore a measure of partitioning of the dissimilarity between

sampling heights into its two components was applied: Dissimilarity reflects two phenomena –

species turnover and nestedness. The first stands for replacement of species by others while the

latter reflects species loss. Biotas with a smaller number of species that are only subsets of

biotas at richer sites are considered nested (Baselga 2010). To quantify the rate of change in

assemblage composition along the vertical gradient, the Sorensen dissimilarity was standardised

per 1 m of vertical  distance  between traps  by dividing the  values  of  dissimilarity between

assemblages from two sampling heights by vertical distance (in m) between them. The Sorensen

index  (βsor),  the  Simpson  dissimilarity  index  (βsim)  describing  spatial  turnover  and  the

nestedness-resultant dissimilarity (βnes) were computed with the betapart package (Baselga &

Orme 2012) in R  (R Core Team 2014). Species with less than five individuals were omitted

from the analysis.

Feeding guilds

Species indicator values (IndVal) quantify the fidelity and specificity of species to groups of

sites (Dufrêne & Legendre 1997). These values were computed for the montane and lowland

assemblages to identify beetle species characteristic for the individual trap heights, using the

labdsv package (Roberts 2012) in R  (R Core Team 2014). Only species with five and more

individuals were used for computing the IndVal and only those with an IndVal above 0.15 were

selected as characteristic. A goodness-of-fit test was performed to test whether the characteristic

species were evenly distributed across the heights. This test was applied to each of the four

feeding guilds as well as to the sum of all characteristic species. Furthermore, a Chi-Square Test

of probabilities was computed for each feeding guild to test if its distribution across the heights

was  identical  with  the  distribution  of  all  characteristic  species,  other  guilds  at  the  same

elevation, or the same guild in the other elevation. The same test was also performed to test if

the distribution of feeding guilds was different between the two elevations when all species

were taken into account. The p-value was computed using a Monte Carlo simulation with 999

replicates, and Bonferroni correction was applied.
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Results

Species richness and distribution

A total  of  16,368  individuals  of  512  saproxylic  beetle  species  were  caught.  7,429  beetle

specimens were caught in the lowlands and 8,939 in the mountains. However, with 381 species

trapped in the lowland and 236 in the mountains, the assemblage of the former was substantially

richer. Only 105 species (21% of total species richness) were collected at both elevations; the

number  of  shared  species  was  estimated  to  be  169  (30%)  using  the  Chao  shared  species

estimator.  The total  number  of  species  was  estimated  to  be  463 (95% CI 428–519)  in  the

lowlands and 319 (95% CI 276 – 380) in the mountains  using the Chao1 species  richness

estimator. Of the species trapped in the lowland, 94 (25%) were red-listed and 67 (18%) were

classified as  “primeval forest”  species; whereas of those trapped in the mountains, 32 (14%)

were red-listed and 17 (7%) classified as “primeval forest” species.

The number of species collected at a particular height was lower in the mountains for each

of the sampled heights, and the difference in species richness was lowest near the ground and

highest in the upper sampling heights. In both areas species richness peaked at 1.2 m. In the

lowland,  the assemblage at  0.4 m was the poorest,  and there were no major  differences in

species richness among the three sampled heights in the canopy (7, 14, and 21 m; Figure 3). In

the mountains, the higher canopy heights (14 and 21 m) were the poorest. There were more

species collected at 0.4 and 7 m heights than higher in the canopy, but less than at 1.2 m height.

Multivariate analyses

The  Redundancy Analysis  of  the  montane  dataset  revealed  a  clear  difference  between  the

species composition of the two understorey heights (0.4 and 1.2 m), as well as between the

understorey and canopy heights,  whereas  the distinctions between the three canopy heights

where minimal (eigenvalue 1st axis = 0.1513, eigenvalue 2nd axis = 0.0478; F = 15.5, p < 0.01)

(Figure 4a). The same analysis of the lowland dataset (eigenvalue 1st axis = 0.2036, eigenvalue

2nd axis = 0.0448; F = 20.4, p < 0.01) yielded a very similar pattern (Figure 4b).

Variation partitioning showed that trap height accounted for 25.3% of the total variation

(73.9% of the variation explained by all combined variables) in the lowland and for 19.6%

(55.2% of explained variation) in the mountains, while the study site explained 7.3% (21.4% of

explained  variation)  and  14%  (39.5%  of  explained  variation)  in  the  lowland  and  in  the

mountains, respectively.
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Figure 3. Species richness at the different height levels. Number of species (with 95% CI) of

saproxylic beetles along the vertical gradient and overall species richness in the montane and

lowland temperate forests as computed by sample-based rarefaction.

Canopy openness  explained  < 2% of total  variation (<  5% of explained  variation) in  both

datasets. The three environmental variables and their combinations altogether explained 34.2%

of the total variation in the lowlands and 35.5% in the mountains (Table 1). The permutation

test on all ordination axes gave significant results for both montane (F = 6.1, p < 0.01) and

lowland (F = 5.8, p < 0.01) data.

Species dissimilarity patterns

The Sorensen dissimilarity of beetle assemblages generally increased with the vertical distance

between  sampling  heights  in  both  datasets.  It  was,  however,  higher  when  comparing

assemblages between canopy (7–21 m) and understorey (0.4–1.2 m) than within these layers

regardless  of  the  vertical  distance  (Figure  5a).  The  rate  of  change  in  beetle  assemblage

composition was highest near the ground and rapidly decreased with height in both elevations.

The pattern was nearly identical for both elevations. When comparing assemblages of particular

heights, the dissimilarity was always higher in the lowland than in the mountains (Figure 5b).

The amount  of  dissimilarity attributed  to  nestedness  was  generally low;  it  was  mostly

higher in the mountains than in the lowland. In the latter, the nestedness was highest for the two

understorey assemblages, and then mostly decreased with the vertical distance between the 
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respective heights. In the mountains, the nestedness was mostly high among the three canopy

heights, while the differences in species composition between the two understorey heights were

almost completely attributed to species turnover (Table 1)

Figure  4. Redundancy Analysis  ordination  diagram of  saproxylic  beetle  assemblages.  The

pooled assemblages from individual traps in the montane (a) and lowland (b) forests acted as

samples (depicted), trap height acted as the explanatory variable and site and openness acted as

covariables. The samples from the understorey (0.4 m, 1.2 m) are clearly separated from the

canopy samples (7 m, 14 m, 21 m) along the 1st axis in both the montane (eigenvalue 1st axis =

0.1533)  and  the  lowland  datasets  (eigenvalue  1st  axis  =  0.2162).  The  samples  of  the  two

understorey heights are separated along the 2nd axis in the mountains (eigenvalue 2nd axis =

0.0474) and lowlands (eigenvalue 2nd axis = 0.0505

In the lowland the mycetophages were associated with the understorey, but also with the canopy

at 21 m. The xylophages peaked at 21 m, followed by 7 m (see Figure 6). The goodness-of-fit

test on all the characteristic species showed that in the mountains only the mycetophages were 
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Table 1.  Effect of environmental variables on composition of saproxylic beetle assemblages sampled along a vertical gradient  in montane and

lowland temperate forests. Computed by variation partitioning of Redundancy Analysis to show the amounts of variation explained by individual

variables and their combinations.

Environmental Variables

Montane Lowland

% of Explained
Variation

% of Total
Variation

% of Explained
Variation

% of Total
Variation

Study Site 39.5 14 21.4 7.3

Trap Height 55.2 19.4 73.9 25.3

% Canopy Openness 4.8 1.7 2 0.7

Study Site + Trap Height - 4.4 - 1.6 - 3.9 - 1.3

Trap Height + Canopy Openness - 1.2 - 0.4 0 0

% Canopy Openness + Study Site 6.4 2.3 7.3 2.5

Study Site + Trap Height + % Canopy Openness - 0.3 - 0.1 - 0.6 - 0.2

100 35.5 100 34.2
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Figure 5. Dissimilarity of saproxylic beetle assemblages along a vertical forest gradient.  (a)  In

both the lowland and montane forests Sorensen dissimilarity within the understorey (0.4 and 1.2

m heights above ground) and within the canopy (7, 14 and 21 m heights), was always lower

than between samples from the two forest vertical strata. (b) The rate of change in assemblage

composition decreased with distance from the ground along the vertical gradient. To standardize

the Sorensen dissimilarity per 1 m of vertical distance between traps, the values of dissimilarity

between assemblages from two trap heights were divided by vertical distance (in m) between

them. These values are plotted against the mean height of the compared traps.

significantly unevenly distributed among the sampled heights (χ2 = 16.294, p < 0.01), while the

result for all characteristic species was marginally insignificant (χ2 = 8.098, p = 0.086). The

distribution of the mycetophages also differed from that of the predators (χ2 = 14.162, p < 0.01).

In  the  lowland,  neither  all  the  characteristic  species  (χ2 =  19.25,  p  <  0.001)  nor  the

mycetophages (χ2 = 18.765, p < 0.001)  and saprophages (χ2 = 15.076, p < 0.01) were evenly

distributed among the sampled heights. The distribution of the mycetophages differed from that

of the xylophages (χ2 = 63.523, p < 0.01) and the predators (χ2 = 47.836, p < 0.01). Likewise,

the distribution of the saprophages differed from that of the xylophages (χ2 = 20.482, p < 0.01)

and the predators (χ2 = 26.128, p < 0.01). Furthermore, the distributions of the xylophages and

predators differed marginally (χ2 = 13.472, p < 0.05).

None of  the guilds,  however,  showed a significantly different  distribution between the

mountain and lowland forest. The overall distribution of feeding guilds differed only marginally

(χ2 = 8.979, p < 0.05) between the two sampling areas. The overall representation of the feeding

guilds was rather similar between mountains and lowland: In both areas mycetophages made up

the  largest  share  of  beetle  species.  The  share  of  predators  was  roughly  the  same  in  both

elevations, while that of xylophages and saprophages was slightly higher in the lowlands.
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Table 2.  Results of Dissimilarity Partitioning showing what portion of the Sorensen Dissimilarity (βSOR) is accounted for by turnover (βSIM) and

nestedness (βNES) for comparison of the beetle assemblages of all strata in montane (bold) and lowland (normal) forest. The dissimilarity was

generally higher in the lowland and could mostly be attributed to turnover in both areas.

0.4 m 1.2 m 7 m 14 m 21 m

0.4 m
βSOR = 0.17

βSIM = 0.04 (24%)
βNES = 0.13 (76%)

βSOR = 0.37
βSIM = 0.31 (84%)
βNES = 0.06 (16%)

βSOR = 0.41
βSIM = 0.35 (85%)
βNES = 0.06 (15%)

βSOR = 0.39
βSIM = 0.32 (82%)
βNES = 0.07 (18%)

1.2 m
βSOR = 0.14

βSIM = 0.11 (79%)
βNES = 0.03 (21%)

βSOR = 0.26
βSIM = 0.22 (85%)
βNES = 0.04 (15%)

βSOR = 0.28
βSIM = 0.24 (86%)
βNES = 0.04 (14%)

βSOR = 0.26
βSIM = 0.23 (88%)
βNES = 0.03 (12%)

7 m
βSOR = 0.21

βSIM = 0.19 (90%)
βNES = 0.02 (10%)

βSOR = 0.15
βSIM = 0.13 (87%)
βNES = 0.02 (13%)

βSOR = 0.18
βSIM = 0.17 (94%)
βNES = 0.01 (6%)  

βSOR = 0.21
βSIM = 0.20 (95%)
βNES = 0.01(5%)   

14 m
βSOR = 0.25

βSIM = 0.23 (92%)
βNES = 0.02 (8%)  

βSOR = 0.21
βSIM = 0.16 (76%)
βNES = 0.05 (24%)

βSOR = 0.13
βSIM = 0.09 (69%)
βNES = 0.04 (31%)

βSOR = 0.17
βSIM = 0.16 (94%)
βNES = 0.01 (6%)  

21 m
βSOR = 0.29

βSIM = 0.25 (86%)
βNES = 0.04 (14%)

βSOR = 0.22
βSIM = 0.15 (68%)
βNES = 0.07 (32%)

βSOR = 0.16
βSIM = 0.10 (60%)
βNES = 0.06 (40%)

βSOR = 0.14
βSIM = 0.12 (86%)
βNES = 0.02 (14%)



Chapter I.                                                                                                                                            

Figure 6.  Guild structure of saproxylic beetle  assemblages in montane (a)  and lowland (b)

temperate forests (pie charts), and along a vertical gradient in both forest types (barplots). The

overall  guild  structure  includes  all  recorded  species.  The  barplots  depict  guild  identity  of

species identified by indicator value analysis as characteristic for the given sampling height.

Discussion

Study outcome and limitations

Our  results  bring  novel  information  on  diversity  and  guild  structure  of  saproxylic  beetle

assemblages  along  fine-scale  vertical  gradient  in  temperate  lowland  and  montane  forests.

Sampling  only two forest areas partly limits the validity of our observations. On the other hand,

both of the sampling areas are diversity hot-spots of saproxylic fauna and refuges of the last

populations of many highly endangered saproxylic species in the wider region (Horák et al.

2009, Vávra & Stanovský 2013, Rozkošný & Vaňhara 1996). Their fauna is thus representative

of the habitat. It would be difficult to find other suitable lowland sites due to the high human

pressure  on  lowland  forests  of  Central  Europe  (Bail  &  Schmidl  2008);  inclusion  of

impoverished sites  would lead  rather  to  underestimation of  lowland diversity than to  more

precise results. Further, the higher amount of variability explained by the sampling site in the

mountains (reflecting the distances among and the wider altitudinal range of the sites) shows

that the sampling covered higher habitat  diversity in the mountains, thus potentially leading

rather to overestimation than underestimation of beetle diversity there.

The sampling sites spread over many square kilometres within each sampling area, the

sampled  areas  are  representative  of  habitat  types  common  in  Europe  and  elsewhere,  but

biologically as  diverse as  possible.  The sampling was intensive and its  design followed an

identical  protocol  in  both  sampling  areas.  We  therefore  believe  the  resulting  data  are

comparable and the results are relevant to the wider region.
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Diversity and conservation value of lowland and montane assemblages

The lowland forest accommodated substantially (61%) more species of saproxylic beetles than

the montane forest.  The turnover of saproxylic beetles between lowland and mountains was

substantial,  as  only  about  21%  of  all  sampled  species  were  estimated  to  occur  at  both

elevations.  The  lowlands  thus  hosted  a  much  larger  share  of  species  present  also  in  the

mountains, than vice versa. Further, the lowland hosted a substantially higher portion of red-

listed (Farkač et al. 2005) and “primeval forest” species (Schmidl & Bussler 2004).

Although mountains are an important refuge, our results underline the high importance of

lowland forests for conservation of saproxylic biodiversity. Although based on the sampling of

only two forest areas (see above), our results are fully in line with the findings of other studies

(e.g.  Seibold et  al  2014) and clearly indicate that  the conservation of  saproxylic  beetles  in

Europe  would  benefit  from  focusing  more  on  lowlands.  This  is,  however,  not  meant  to

downplay the value of the montane habitats for the preservation of saproxylic beetles since both

forests hosted rather distinct communities. 

Saproxylic beetle diversity along the vertical gradient

In both study areas the saproxylic beetle fauna displayed clear signs of stratification along the

vertical gradient. There were considerable differences in the assemblage composition between

the heights sampled in the canopy (7, 14, 21 m) and the understorey (0.4, 1.2 m). This is in

accordance with other studies reporting stratification of saproxylic beetles between canopy and

understorey of temperate forests (Wermelinger et al. 2007, Ulyshen & Hanula 2009, Bouget et

al. 2011, Vodka & Cizek 2013, Floren et al. 2014).

Our results also show differences within both the canopy and the understorey strata. While

the differences, as shown by the multivariate analysis, among the three heights sampled in the

canopy were rather small, the differences between the two heights sampled in the understorey

were  substantial  at  both elevations.  The dissimilarity was  nearly identical  between the two

sampling heights  in  the  understorey (0.8 m vertical  distance)  as  among the  three  sampling

heights within the canopy (vertical distance 7 and 14 m). It was also higher when comparing

samples  between understorey and  canopy than within  them. In  comparison  to  dissimilarity

measures, the multivariate analyses showed even more difference between the two understorey

heights.  This  is,  most  likely,  owing  to  the  fact  that  the  former  is  based  on  species

presence/absence data, while the latter accounts also for abundances.

We may thus conclude that there is neither a sudden change in assemblage composition

along the vertical gradient, nor is there a clear boundary between understorey and canopy in the

43



Chapter I.                                                                                                                                            

sampled forests. The rate of change in assemblage composition, however,  rapidly decreases

with the distance from the ground. The high diversity of dead wood microhabitats and generally

high availability  of dead wood close to the ground in combination with the rapid change of

microclimate near the forest floor are likely the reasons for the observed pattern. Their effects

on beetle assemblages are gradually fading somewhere between 1.2 and 7 m above ground in

the habitats studied here. This indicates that despite a gradual change, the transition between

canopy and understorey occurs somewhere between these two heights in a temperate forest. The

high diversity at the 1.2 m height could, perhaps, be partly explained by the overlap between

canopy and understorey fauna. Since predation pressure is  high on the ground (Šipoš et  al.

2013) and herbs and shrubs are concentrated near the ground, the 1.2 m height level might also

represent a relatively enemy-free and obstacle-free space frequented even by species exploiting

resources found below this height.

Although we found high accordance in vertical stratification of saproxylic beetles between

the two elevations, there were also notable differences. Firstly, the multivariate analyses as well

as the dissimilarity partitioning indicated that the beetle assemblages were more stratified in the

lowland. Secondly, the patterns of species richness along the vertical gradient differed between

the two elevations.  While the number of species declined with height  in the canopy of  the

montane forest,  there was no difference among the three sampled heights in the canopy of

lowland forest, and the data even suggested an opposite pattern. All of this might be explained

by the more complex vertical structure of the lowland forest, which shows more specific tree

layers and therefore a higher variability of habitats (Janik et al. 2013). In the same way, the

stronger  vertical  stratification  in  tropical  forests  in  comparison  temperate  forests  has  been

attributed to their more complex vertical structure (Basset et al 2003). Further, the lowest height

was the poorest  in the lowland,  but not in the mountains.  The denser undergrowth and the

occasional floods at the lowland sites might be responsible for the low beetle numbers at the

lowest sampling height. 

Many studies concerning vertical stratification are focused on the question of whether the

canopy is richer than understorey, or vice versa. Our results from the lowland demonstrate that

the outcome of such comparisons may give contrasting results depending on the exact height

sampled in the understorey. This, together with the effect of local environmental conditions on

vertical stratification of insects (Duelli et al. 2002, Wermelinger et al. 2007, Gossner et al. 2009,

Vodka & Cizek 2013) offers  another  explanation for  the  inconsistent  and  often  contrasting

outcomes of studies dealing with vertical stratification of insects in forests (cf.  Vance et al.

2003, Hirao et al. 2009, Müller et al. 2014, Bouget et al. 2011).
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We did not  sample the  upper canopy,  thus missing a  potentially important  part  of  the

stratum. However, the similarity of the assemblages across the three canopy heights sampled in

this study, together with the results of  Wermelinger et al. (2007), makes it unlikely that the

addition of another sampling height in the canopy would have caused a substantial change of

the study outcome. The documented within-strata differences are highly similar to the results of

a study of comparable design (Basset et al. 2015), that showed a significant decrease of species

similarity along their vertical gradient. This illustrates that sampling on a finer scale is indeed

crucial for a better understanding of insect vertical distribution in forests (Basset et al 2003).

Our results show that the knowledge of vertical stratification would benefit from finer sampling

of  those  parts  of  the  vertical  forest  gradient  where  the  change  of  abiotic  factors  is  most

pronounced, i.e. near the ground and, possibly, also in the upper canopy.

Distribution of feeding guilds

Despite the differences in species richness and assemblage composition, guild structure was

surprisingly  similar  between  lowland  and  mountains.  The  largest  share  of  assemblages

consisted  of  the  mycetophages,  followed  by  the  xylophages  and  the  zoophages.  The

saprophages constituted the lowest share in both elevations. The main difference was the higher

share of xylophages in the lowland compared to the mountains. This is explainable by the fact

that lowlands are generally warmer and drier. The climate thus likely favours the xylophages

and allows them to exploit a larger share of the available resource (Müller et al. 2014). The

cooler  and  more  humid  montane  climate  is  likely  to  favour  wood-decaying  fungi,  as  also

suggested by the higher diversity of fungal communities found at higher elevations (Gómez-

Hernández et al. 2012,  Meng et al. 2013,  Geml et al. 2014). This is also supported by higher

diversity of fungi-associated beetles in moist forests (Hulcr et al. 2008).

The distribution of feeding guilds along the vertical gradient was mostly similar between

lowland and mountains. Mycetophages were mostly concentrated in the understorey, probably

owing to the fact  that  higher humidity near the ground provides better conditions for fungi

(Ulyshen  et  al.  2011,  Floren  et  al.  2014).  While  there  were  almost  no  fungi  feeders

characteristic of the canopy in the montane forest, such species showed a notable presence in

the lowland. Predators did not show a clear preference for any specific height or stratum, a

finding similar  to  the  results  of  another  study (Floren  et  al.  2014).  The  saprophages  were

concentrated in the understorey in the lowland but not in the montane forest. Despite the above-

mentioned differences the patterns of the guild stratification are rather similar in the two forest

types. The lack of a clear trend in guilds of lower species richness (predators and saprophages)
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may reflect an insufficient amount of indicator species rather than reality.

Conclusions

We conclude that temperate lowland forests hosts a substantially more diverse and threatened

saproxylic  beetle  fauna  than  montane  forests.  Therefore,  while  conservation  efforts  should

concern both types of habitats, the attention on lowland forests must be increased to preserve

saproxylic species richness in Central Europe. Saproxylic beetles are stratified not only between

the understorey and the canopy of temperate forests, but also within the understorey. The rate of

change  of  the  beetle  community along vertical  gradients  decreases  with  distance  from the

ground. The comparisons of beetle richness between canopy and understorey may thus give

contrasting results depending on the exact height sampled in the latter. Despite the fact that

species composition differed substantially between montane and lowland forests, most patterns

of feeding guild representation and vertical distribution were rather similar in the two forest

types.
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Abstract

Temperate open woodlands are recognized as biodiversity hotspots. They are characterised by

the presence of scattered, open-grown, old, large trees (hereafter referred to as “solitary trees”).

Such trees are considered keystone ecological features for biodiversity. However, the ecological

role  of  solitary  trees  and  their  importance  for  woodland  communities  are  still  not  fully

understood. Communities of arthropods in temperate forests are often structured not only by the

horizontal openness of the stand, but also by vertical stratification. Thus there is a need for

comparisons among communities associated with solitary trees and different forest strata. In

this study,  we analysed the diversity,  conservation value,  and nestedness of four taxonomic

groups (beetles (Coleoptera), bees and wasps (non-aculeate Hymenoptera), ants (Formicidae),

and  spiders  (Araneae))  on  (i)  solitary  trees in  open  woodlands,  and  four  habitat  types  in

adjacent closed-canopy forests: (ii)  edge-canopy,  (iii)  edge-understorey,  (iv)  interior-canopy,

and (v) interior-understorey.

Across the focal  insect groups, solitary trees harboured the greatest  number of species,

whilst spider communities were also equally rich in forest  edge canopies.  The conservation

value of communities was highest in solitary trees for beetles, and in solitary trees and edge-

canopy habitats for bees and wasps. For spiders, the conservation value was similar across all

habitat  types,  but  ordination analysis  revealed  general  preferences for  solitary trees  among
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threatened species. We also found that communities from the forest interior were mostly only

nested subsets of the communities found on solitary trees. Our results show an important and

irreplaceable role that open-grown trees have in maintaining temperate woodland biodiversity.

Therefore, preservation and maintenance of open-grown trees should be a primary concern in

biological conservation.

Introduction

Open  temperate  woodlands  host  rich  communities  of  plants  and  animals,  including  many

endangered organisms (Bengtsson et al. 2000; Benes et al. 2006; Spitzer et al. 2008; Bergmeier

et al. 2010; Hédl et al. 2010; Bugalho et al. 2011; Horak et al. 2014; Ramírez-Hernández et al.

2014). In Europe, they support a high biodiversity of tree-associated organisms. Evidence that a

large proportion of European forests naturally occurred with open canopies for most of the

Holocene has substantially increased in recent years (Vera 2000; Whitehouse & Smith 2004;

Alexander 2005; Birks 2005). The open structure of these forests was formerly maintained by

disturbances  caused  by  fires  or  windthrows  (Niklasson  et  al.  2010;  Adámek  et  al.  2015;

Hultberg et al. 2015), and by the grazing of large herbivores (Bengtsson et al. 2000; Vera 2000).

Since the mid-Mesolithic, these natural processes have been supplemented and later substituted

by  various  human  activities  with  a  strong  impact  on  woodland  habitats.  Slash-and-burn

practices  and  later  various silvopastoral  management  practices  such  as  wood-pasturing and

coppicing (Rackham 1998; Szabó 2009) have sustained the open structure of many European

woodlands.

The situation changed in the 18th century with the industrial and agricultural revolutions.

Intensification of forestry management together with abandonment of traditional silvicultural

practices led to a substantial increase in canopy closure, and consequently to a transition from

open woodlands to closed-canopy mesic forests (Bürgi 1999; Hédl et al. 2010; Kopecký et al.

2013).  Today,  open woodlands  are  scarce,  fragmented,  and still  declining (Miklín & Čížek

2014; Varga et al. 2015). Yet these open woodlands still host a rich, specialised community of

arboricolous invertebrates  (Dolek et  al.  2009;  Horak  et  al.  2014;  Ramírez-Hernández  et  al.

2014).

A typical characteristic of open woodlands is the presence of scattered, open-grown, often

large and old trees. Such trees are considered keystone ecological features for biodiversity in

various temperate and boreal regions (Read 2000; Manning et al. 2006; Fischer et al. 2010; Hall

& Bunce 2011; Lindenmayer et al. 2012; Lindenmayer et al. 2014; Siitonen & Ranius 2015). 
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Although these trees are referred to by various synonyms, such as isolated trees, dispersed trees,

pasture trees, paddock trees, remnant trees, etc. (see Manning et al. 2006), here, we call them

collectively “solitary trees”,  meaning  trees  with  well-developed  and  separated  tree  crowns,

growing in isolation from closed-canopy forests. Wide-crowned trees can only develop in open

woodland conditions, which were formerly common in wood-pastures (Plieninger et al. 2015a;

Hartel et al. 2013), traditional fruit or chestnut orchards (Horak et al. 2013; Plieninger et al.

2015b), noblemen’s hunting parks (Fletcher et al. 2015), and in coppice with standards woods

(Altman et al. 2013). Today, solitary trees occur in remnants of these habitats (Varga et al. 2015;

Plieninger et al. 2015a), as well as in game reserves, parks, and tree alleys (Horak et al. 2014;

Jonsell 2011).

Solitary trees in wood-pastures are important breeding sites for birds because they often

develop hollows (Hartel et al. 2014). Horak et al. (2014) found solitary trees were particularly

attractive for saproxylic beetles since deadwood exposed to the sun is warmer, which enhances

larval development.  On the other hand, some groups of organisms, such as fungi or lichens,

were found to be similarly rich at  the edges of  closed canopy forests  (Horak et  al.  2014).

Moreover,  in  temperate  forests  the  richness  of  arthropods  often  depends  not  only  on  the

horizontal openness of the stand, but also on vertical stratification (Floren & Schmidl 2008;

Ulyshen 2011), which can result in significant differences in communities between canopy and

understorey strata. Therefore, regarding the conservation of woodland biodiversity, the question

is to what extent forest edges or forest canopies can substitute for the role of fully open-grown

trees.  There  is  a  need  to  explore  communities  from  these  habitats  separately  and  then  to

compare them with solitary trees.

The aim of this study is to examine the ecological role of open-grown, solitary trees in

maintaining temperate woodland biodiversity in comparison with closed-canopy forests.  We

compare the species density,  composition, and conservation value of arthropod communities

found on solitary trees with the communities found in the canopy and understorey at the forest

edge and in the forest interior. We focused on four arthropod groups with a wide range of life-

histories: beetles, bees and wasps, ants, and spiders.

Material and Methods

Study area

This study was conducted in alluvial woodlands in South Moravia, Czech Republic (48°45'-

48°50'N, 16°45'-16°55'E, alt. 160-170 m a.s.l.), within the floodplain of the lower Dyje (Thaya)

river.  The flat  landscape is composed of managed hardwood forests and meadows with old
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solitary  trees.  The  prevailing  trees  are  pedunculate  oak  (Quercus  robur),  narrowleaf  ash

(Fraxinus  angustifolia),  hornbeam (Carpinus  betulus),  field  maple  (Acer  campestre),  limes

(Tilia cordata,  T.  platyphyllos), European white elm (Ulmus laevis), poplars (Populus alba,  P.

nigra),  and  black  alder  (Alnus  glutinosa).  Historically,  the  local  forests  were  managed  as

coppice with standards woods or pasture woodlands. These practices were abandoned 60-150

years ago in favour of growing high forest with a 90-150 year rotation (Vrška et al. 2006).

These forests are mainly even-aged oak, ash and poplar plantations, wooded meadows with

open-grown oaks, and occasional remnants of coppice with standards or pasture woodlands.

The forests transitioned from mainly open woodlands to closed canopy stands from the mid 19th

to the mid 20th century (Miklín & Čížek 2014). The entire area is rich in saproxylic organisms,

forming a hot spot within the Czech Republic and Central Europe (Rozkošný & Vaňhara 1995;

Rozkošný & Vaňhara 1996).

Focal groups and sampling design

We sampled four groups of  arthropods:  beetles  (Coleoptera)  associated with deadwood and

living trees (except for Staphylinidae; see Parmain et al. 2015), bees and wasps (Hymenoptera:

Aculeata,  except  ants)  nesting  or  foraging  on  trees,  ants  (Hymenoptera:  Formicidae),  and

spiders (Araneae).

We sampled  arthropods  on  solitary  (open-grown)  trees  in  wooded  meadows  and  in  a

mature, closed-canopy forest that was formerly managed as coppice with standards. Coppicing

was abandoned more than 60 years ago, and the stands have gradually transformed into high

forests. The standards were already removed from the sampled patches, but the forest grew

before  the first  clear-cut  harvest.  It  thus  retained continuity,  high  tree species  richness  and

structural diversity.

Arthropods  were  sampled  using  flight  interception  traps  composed  of  two  crossed

transparent  polycarbonate sheets  (25x50 cm) suspended above a collecting jar  containing a

saturated salt solution as a preservation liquid. A drop of liquid detergent was used to break the

surface tension. Although flight interception traps are not the best method for collecting ants

and spiders, we consider our collection of these groups to be adequately representative. Ants

and spiders must crawl onto the trap to be caught (winged ant specimens were removed from

the data), so their presence in our samples signified the utilization of particular trees.

The traps were installed on solitary trees (6-14 m above ground, mean 9.6 m), and in the

canopy (14-26 m above ground, mean 20.3 m) and understorey (2-4 m above ground, mean

3.2 m) of the forest edge and interior. Each sampling site thus consisted of five different habitat 
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types:  (i) solitary tree,  (ii)  edge-canopy,  (iii)  edge-understorey,  (iv)  interior-canopy,  and (v)

interior-understorey. The DBH of solitary trees ranged from 410-680 cm (mean 513 cm), while

trees at the edge ranged between 50-390 cm (mean 192 cm) in DBH, and trees in the forest

interior ranged in DBH from 30-320 cm (mean 179 cm).

Sampling in the anopy and understory was undertaken in the same plots. Forest interior plots

were established 36-88 m (mean 56.6 m) from the nearest forest edge plots. Solitary trees do not

grow to great heights, which meant that we could not suspend traps at similar heights to that in

the canopy in our closed forest  sites. They also could not be suspended lower as numerous

beetle collectors visit the site and often interfere with traps within their reach. However, our

trapping design  should  have  little  effect  on  our  results  since  previous  work  in  this  system

showed very little difference between insect assemblages sampled above seven meters (Weiss et

al. 2016).

Eight sampling sites were located 1-8 km apart. Altogether, we had eight replicates for

each of the five habitat types, with 40 traps in total. The traps were exposed from 30th April to

2th September 2006 and emptied every two weeks.

Statistical analysis

Number of species and conservation value

We focused on the  species density (i.e. number of species) (Gotelli  & Colwell 2001) and the

conservation value of arthropod communities found in each habitat type. To compare species

density among the five habitat types,  species accumulation curves with confidence intervals

were  computed  using  sample-based  rarefaction  (Colwell  et  al.  2012)  in  EstimateS  9.1.0

(Colwell 2013).

For each group, the conservation value (after Tropek et al. 2010) was computed for each

trap as the sum of abundances weighted by the individual species’ status in the national red lists

(the used weights were: regionally extinct (RE) = 5, critically endangered (CR) = 4, endangered

(EN) = 3, vulnerable (VU) = 2, near-threatened (NT) = 1; Farkač et al. 2005, Řezáč et al. 2015).

For  ants,  the  conservation  values were  computed  from the  presence  of  species,  since  the

abundance of ants often reflects the distance from their nest rather than microhabitat suitability

(Tropek et al. 2014).

Differences in conservation values among habitat types were analysed separately for each

group by generalized linear mixed-effect models with quasi-Poisson distributions, with habitat

type as a fixed factor, and trap location as a random variable. The models were fitted using the

Generalized Estimating Equations algorithm in the geepack package (Hojsgaard et al. 2006) in
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R 2.14.2 (R Core Team 2012). Post-hoc tests (multiple comparisons with Holm corrections)

were carried out to detect differences in conservation values among habitat types.

Species composition and nestedness

Species  composition was  analyzed  first  by multivariate  ordination analyses,  and second by

dissimilarity  partitioning.  Based  on  the  preliminary  DCA  analyses  (gradient  lengths  of

responses of all groups greater than 2.6 SD units), Canonical Correspondence Analysis (CCA)

based  on  the  abundances  of  species  in  traps  (i.e.  representing  samples)  was  performed

separately for  each focal  arthropod group. The response data were log-transformed prior  to

analyses.  For flying arthropods (beetles,  bees and wasps),  only species with more than one

individual were included in the analysis to avoid ‘tourist’ species; for crawling groups (ants and

spiders) all species were analysed. Habitat type represented an explanatory factor variable. The

significance  of  ordination  axes  was  tested  by  Monte  Carlo  tests  with  999  permutations.

Ordination analyses were performed in Canoco 5 (ter Braak & Šmilauer 2012).

For the dissimilarity partitioning,  Sørensen dissimilarity was computed for  all  possible

pairwise combinations of habitat types. For each group, presence/absence data from all the traps

per sampling plot and habitat type were analysed. For beetles and bees and wasps, only species

with more than one individual  were included in the analysis,  while  all  species  of  ants and

spiders were included in the analysis. Dissimilarity reflects two phenomena – species turnover

and  nestedness.  Species  turnover  is  the  replacement  of  species  in  different  habitats,  while

nestedness reflects species loss (a particular community is a subset of another). We therefore

partitioned  between-habitat  dissimilarity  into  these  two  components  according  to  Baselga

(2010). The Sørensen index (βsor) and the Simpson dissimilarity index (βsim), which describe

spatial turnover, and the dissimilarity resulting from nestedness (βnes) were computed with the

betapart package  (Baselga  et  al.  2013)  in  R  2.14.2  (R  Core  Team  2012).  Dissimilarity

partitioning for the sampling situation pairs was computed using the beta.pair function.

Results

In total, we sampled and identified 9,492 arthropods. We recorded 349 species of beetles (7,515

individuals),  116  species  of  bees  and  wasps  (805  individuals),  18  species  of  ants  (839

individuals), and 53 species of spiders (333 individuals); see Table 1 for details on threatened

species.
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Table 1. Numbers of all species and threatened species. The total number of species identified for each group of studied arthropods, and the number

of threatened species according to their status in national red lists.

Group Total Regionally extinct Critically endangered Endangered Vulnerable
Near

threatened

Beetles 349 - 21 24 29 12

Bees and wasps 116 1 11 5 9 -

Ants 18 - 2 - 1 -

Spiders 53 - - 2 3 8
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Table  2.  Variation  explained  by  CCA axes. The  effect  of  habitat  types  on  community

composition was tested by CCA for each group of organisms. Numbers in the table show the

percentage of variation explained by the first and second constrained axes (displayed in Fig. 3).

Pseudo-F statistics and P level were obtained by Monte Carlo tests with 999 permutations.

Group Axis Explained variation (%) Pseudo-F P

Beetles 1st 8.89 3.4 0.001

2nd 5.03 2 0.001

Bees and wasps 1st 6.47 2.4 0.001

2nd 3.76 1.4 0.215

Ants 1st 8.91 2.9 0.01

2nd 6.87 2.4 0.041

Spiders 1st 5.75 2.1 0.001

2nd 3.73 1.4 0.081

Of the beetles, 89% of species were obligate or facultative saproxylics, while the remaining

11% were species that occasionally occur on trees. Among the bees and wasps, the ratio was

74% saproxylics to 26% occasional tree visitors. Among ants, 72% of species were obligate or

facultative saproxylics. No saproxylic spiders are recognized.

Arthropod diversity

For all focal groups, number of species was higher in sunny habitats (solitary trees, edge) than

in the forest interior. For beetles, the number of species decreased from  solitary trees to the

forest interior; the two edge habitat types were intermediate in number of species (Figure 1A).

Vertical stratum had no effect on number of beetle species. Bees and wasps exhibited a similar

pattern, except that  interior-canopy was richer than interior-understorey (Figure 1B). Number

of ant species was highest on solitary trees, followed by edge-understorey, and lowest in edge-

canopy and both of the interior habitats (Figure 1C). Number of spider species was highest and

nearly identical on solitary trees and in edge-canopy, and it was lowest in the interior habitats

(Figure 1D).

For beetles, bees and wasps, and ants, significant differences in the conservation value of

habitat  types  were  found.  For  beetles  and  bees  and  wasps,  pattern  in  conservation  value

matched that of species richness, where solitary trees had the highest conservation value, the

interior habitats had the lowest, and edge habitat types were intermediate (beetles: χ2
(4)=62.6,

P<0.001; bees and wasps: χ2
(4)=20.2, P<0.001) (Figure 2A and 2B). For ants, all habitat types

were  equal   in   their   conservation  value,   except   for  interior-canopy  which  supported  no
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threatened species (χ2
(4)=9484, P<0.001) (Figure 2C). For spiders, no significant difference in

conservation value was found among the habitat types (χ2
(4)=5.2, P=0.28) (Figure 2D).

Figure  1. Sample-based  rarefaction  of  species  density  in  each  habitat  type.  The  expected

number of species in pooled samples for A) beetles B) bees and wasps C) ants and D) spiders

The CCA revealed significant differences in species composition among the habitat types in all

four  groups  of  arthropods  (Table  2,  Figure  3).  For  beetles  and  ants,  the  most  unique

communities inhabited  solitary trees. The first axis of the CCA revealed that communities of

beetles, ants, and spiders were mostly structured by canopy openness, i.e. a gradient ran from

solitary  trees to  the  forest  interior.  For  bees  and  wasps,  stratum  had  a  greater  effect  on

community composition. The distribution of threatened species (signified by oval envelopes in

Figure 3) showed that open habitats and solitary trees in particular harboured many threatened

species.

The  general  pattern  in  the  dissimilarity  analyses  was  that  species  composition  within

solitary trees was more similar to that of trees in edge habitat types than to those of the forest

interior. Nestedness remained stable or increased from the edge to the forest interior (Table 3). 
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Assemblages from interior habitat types were thus more nested within assemblages from

solitary  trees than  assemblages  in  edge habitat  types  within  solitary  tree assemblages.  For

beetles, the degree of nestedness was low in comparison to the other groups. For ants,  edge-

canopy assemblages were fully nested within those found on  solitary trees, and assemblages

from the interior-canopy were fully nested within the interior-understorey assemblage.

Figure 2. The  conservation value  of  habitat  types.  Conservation values  were  estimated  by

generalized linear mixed-effect models with quasi-Poison distributions for A) beetles, B) bees

and wasps, C) ants, and D) spiders. The conservation value was computed for each trap as a

sum of abundances (except for ants where presence/absence data were used) weighted by the

species’ status in national red lists.

For bees and wasps, all habitat types showed a high degree of nestedness. In particular,

there was high dissimilarity, but also high nestedness between assemblages sampled from the

interior-understorey and  assemblages  sampled  from  open  habitats.  Dissimilarity  between

solitary trees and edge habitats in the composition of bee and wasp assemblages was mostly

caused by species turnover. Spiders exhibited a similar pattern to bees and wasps. 
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Figure 3.  Species  composition. Ordination diagrams of Canonical  Correspondence Analysis

(CCA) for A) beetles, B) bees and wasps, C) ants, and D) spiders. Diagrams are based on all

species (singletons excluded for beetles and bees and wasps) but only the threatened species are

displayed in the diagrams. (abbreviations in capitals stand for: SOLIT = solitary trees, EDGE-

CAN = edge-canopy, EDGE-UND = edge-understorey, INT-CAN = forest interior-canopy, INT-

UND = interior-understorey).
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Table 3.  Dissimilarity index and nestedness of communities. The numbers in the matrices give values of pairwise Sørensen dissimilarity indices

(from 0 = species composition is identical in both habitat types, to 1= habitats do not share any species) followed by, in parentheses, the percentage

of the value that  is  accounted to  nestedness (100% means that  the composition with the lower number of species  is  fully nested within the

composition with the greater number of species). The numbers in parentheses following the habitat labels indicate the number of species subject to

analysis (see Material and Methods).

A. Beetles
Edge-canopy (155) 0.39 (28%)

Edge-understorey (159) 0.32 (16%) 0.33 (3%)
Interior-canopy (110) 0.46 (39%) 0.39 (31%) 0.37 (38%)

Interior-understorey (100) 0.55 (33%) 0.50 (28%) 0.38 (47%) 0.36 (8%)
Solitary
(182)

Edge-canopy
(155)

Edge-understorey
(159)

Interior-canopy
(110)

B. Bees and wasps
Edge-canopy (51) 0.31 (3%)

Edge-understorey (41) 0.32 (25%) 0.41 (17%)
Interior-canopy (25) 0.49 (51%) 0.47 (57%) 0.36 (66%)

Interior-understorey (12) 0.71 (65%) 0.68 (75%) 0.62 (73%) 0.46 (63%)
Solitary

(50)
Edge-canopy

(51)
Edge-understorey

(41)
Interior-canopy

(25)



Table 3. Dissimilarity index and nestedness of communities. (continued)

C. Ants
Edge-canopy (8) 0.33 (100%)

Edge-understorey (12) 0.29 (42%) 0.40 (37%)
Interior-canopy (5) 0.62 (68%) 0.38 (48%) 0.53 (62%)

Interior-understorey (7) 0.48 (71%) 0.20 (30%) 0.47 (41%) 0.17 (100%)
Solitary

(16)
Edge-canopy

(8)
Edge-understorey

(12)
Interior-canopy

(5)
D. Spiders

Edge-canopy (32) 0.37 (3%)
Edge-understorey (23) 0.48 (19%) 0.41 (27%)
Interior-canopy (15) 0.48 (58%) 0.44 (71%) 0.63 (16%)

Interior-understorey (14) 0.60 (40%) 0.65 (44%) 0.57 (25%) 0.52 (6%)

Solitary
(31)

Edge-canopy
(32)

Edge-understorey
(23)

Interior-canopy
(15)
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Differences between  solitary trees and edge habitats in spider species composition were

also mainly due to species turnover. The large difference between the interior-understorey and

the open habitats among spider assemblages was, however, caused mainly by turnover.

We also performed all of these analyses for beetles and bees and wasps, where we restricted our

dataset to include only obligate tree/wood utilizing species. 

Discussion

Solitary trees, followed by forest edges, were the most important habitats for maintaining a high

diversity of tree-associated species in all four focal arthropod groups. Not only did they support

the  richest  assemblages,  but  also  many threatened  species.  Below,  we  discuss  the  relative

importance  of  each  of  the  studied  habitats  to  our  focal  taxa,  and  the  likely causes  of  the

observed patterns, limitations of our study, and the conservation implications of our findings.

Flight interception traps are activity-based traps, thus more individuals (and species) are

caught when species are more active. Higher temperatures in open habitats may result in greater

flight activity. However, it is often hard to determine whether there were more individuals or

whether they were more active (Lachat et al. 2016). For instance, Müller et al. (2015) found that

abundance data on saproxylic beetles obtained from flight traps were comparable with data

obtained from emergence traps. We therefore consider our data representative of the particular

habitats we sampled.

Stratum vs. openness effects

Among beetles, ants, and spiders, insolation had a greater effect on community composition

than vertical stratification, while the opposite was detected for bees and wasps. Regardless of

the vertical stratum, communities of each of our focal taxa in the forest interior were generally

poorer than those on solitary trees or at the forest edge. Our results thus corroborate findings of

numerous other studies from European woodland habitats that have shown that openness is one

of the principal factors driving the diversity and structure of arthropod communities (Floren &

Schmidl 2008; Spitzer et al. 2008; Dolek et al. 2009; Horak et al. 2014; Müller et al. 2015;

Košulič et al. 2016, Seibold et al. 2016).

Vertical stratification in species numbers and composition varied among the studied groups

and between the forest edge and forest interior, which corroborates previous studies (Gruppe et

al. 2008; Aikens et al. 2013; Maguire et  al. 2014). Differences between vertical strata were

rather minor, with the exception of ants and spiders at the forest edge. This might be explained

by the fact that in temperate forests, ants are most common in the understorey as they often nest
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near or in the ground, while spiders generally avoid habitats where ants are abundant (Mestre et

al. 2013).

A high proportion of tree-associated arthropods are saproxylic (Stokland et al. 2012). In

our data, 89% of beetles, 74% of bees and wasps, and 72% of ants were obligate or facultative

saproxylics. Although saproxylics are primarily dependent on deadwood as a substrate, patterns

in richness and community composition are often influenced by sun exposure (Jonsell et al.

1998; Ranius & Jansson 2000; Franc & Götmark 2008; Horak et al. 2014; Bouget et al. 2014;

Seibold  et  al.  2016),  with  more  open  habitats  harbouring  richer  or  more  specialised

communities. Bouget et al. (2011) and Müller & Goßner (2010) found richer communities of

saproxylic  beetles  in  the understorey compared to the canopy in various forest  types.  Both

studies also found significant differences in species composition between strata, and ~30% of

all of the species they collected preferred the canopy.  Vodka et al. (2009), using data on the

emergence of two beetle families, Buprestidae and Cerambycidae, from wood bait traps, found

that the richness of beetles was also higher in the understorey, but this was largely influenced by

sun-exposure. We did not find richer beetle communities in the understorey, but in accordance

with Bouget et al. (2011), differences between vertical strata of beetle communities at the forest

edge and the forest interior was mostly attributed to species turnover rather than nestedness (see

Table 3).

For  ants,  number  of  species  was  rather  similar  between  the  two  strata,  while  the

community sampled from the canopy in the forest interior was a fully nested subset of that

collected from the understory of the forest interior. This is not surprising. Although the forest

canopy is an important habitat for some endangered species (Dolek et al. 2009), in temperate

forests ants rarely achieve dominance in the canopy (Aikens et al. 2013), and they generally do

not build large arboreal nests like many tropical species (Floren et al. 2014). Several species

from our sites prefer nesting in deadwood in the canopy (Seifert 2008), although workers can

forage also on trunks near the ground. Ants are strongly affected by temperature (Cerdá et al.

1997, Retana & Cerda 2000), and our data support the supposition that ant community structure

is mainly driven by horizontal gradients in stand openness (Dolek et al. 2009).

Stand openness has been found to be an important factor also for butterflies (Benes et al.

2006), some families of flies (e.g. Syrphidae; von der Dunk & Schmidl 2008; Fayt et al. 2006).

Conversely, although open forests are generally richer in insect species, some groups or species

prefer shady conditions or the lower strata of closed forests (Lehnert et al. 2013). For instance,

nocturnal  species,  like  moths and  some flies,  tend  to  be  richer  in  species  in  dense  forests

(Müller et al. 2012; Sebek et al. 2015), although Bolz (2008) found the opposite for moths in
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German coppice woods. Regarding saproxylic beetles, Jonsell et al. (1998) found that about

25%  of  red-listed  species  preferred  sun-exposed  conditions,  and  about  10%  showed  a

preference  for  shaded  conditions.  Moreover,  the  proportion  of  shade-preferring  species

increased  during  the  late  stages  of  wood  decomposition,  while  species  that  preferred  sun-

exposed conditions decreased. For instance, fungi typically develop best in moist conditions,

and therefore organisms dependent on fungi are more likely to be found in shady environments.

Many fungi-dependent species can be found among the beetles (e.g. Mycetophagidae, Ciidae,

Erotylidae,  and some Staphylinidae) and flies (e.g.  Mycetophilidae,  Platypezidae, Phoridae).

Similarly,  some organisms may specifically exploit lying deadwood or stumps (Franc 2007;

Brin et al. 2013) and therefore could more likely be found in lower strata independent of stand

openness. To better explain patterns in community composition and its variation with forest

structure and strata, further research on functional traits, like feeding guilds or specific substrate

utilization, will be required.

The importance of solitary trees

Our results demonstrate that the biodiversity of temperate woodlands is greatly enhanced by the

presence of  solitary trees.  They harboured rich  communities  of  arthropods,  including many

endangered species, and these assemblages could not be fully compensated by the assemblages

associated  with  canopy and  understorey  habitats,  either  at  the  forest  edge  or  in  the  forest

interior.  Indeed,  our  observed  pattern  in  assemblage  composition,  i.e.  the  increasing

dissimilarity but also nestedness among assemblages from solitary trees through forest edges to

the interior, indicates that assemblages from the forest interior are only poor subsets of what

was found on solitary trees. This suggests that species occurring in the forest interior are mostly

generalists that are not affected by openness. Solitary trees by contrast, besides harbouring these

generalists,  also  often  provide  suitable  conditions  for  light-demanding  species  that  cannot

survive in closed-canopy forests. This is supported by the high conservation value of solitary

trees, and to a lesser extent, trees on the forest edge. Seibold et al. (2015) have pointed out that

specialists to sunny habitats are more likely to be endangered. It is thus the open-grown trees

that  drive  biodiversity  patterns  in  these  forests.  The  importance  of  open-grown  trees  for

biodiversity can be attributed to the fact that they combine two important factors; insolation and

large girth.

Solitary trees are exposed to sunlight and therefore offer suitable conditions for species

that require a lighter and/or warmer microclimate. As previously mentioned by other authors,

the preference for sun-exposed trees is more pronounced in northern and central Europe, with a 
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decreasing preference in southern Europe and the Mediterranean (Vodka et al. 2009; Chiari et

al. 2012; Siitonen & Ranius 2015). However, even in warm southern European conditions, open

woodlands are important  biodiversity hot-spots (Ramírez-Hernández et al.  2014).  Our study

forests were composed mainly of oak, ash, hornbeam and maple. The arthropod distribution

patterns  we found could potentially be applicable to  deciduous forests  in general,  although

further research is needed to address this issue.

The proximity of trees to grasslands with abundant flowering plants is also important in

structuring  insect  communities.  Some  insects  need  trees  or  their  deadwood  for  larval

development but feed on nectar as adults (Fayt et al. 2006; Müller et al. 2008a; Müller et al.

2008b; Lachat et al. 2013; Siitonen & Ranius 2015). Many such species can be found among

beetles (e.g. members of Carambycidae, Buprestidae, Mordellidae, or subfamily Cetoniinae),

hoverflies  (Syrphidae),  or  various  aculeate  hymenopterans  (e.g.  members  of  Crabronidae,

Megachilidae and Vespidae and their parasitoids of the families Chrysididae and Sapygidae). In

our study, the proximity to flowering plants could be responsible for the greater richness of

beetles and bees and wasps in solitary trees or at forest edges. On the other hand, for ants and

spiders, proximity to nectar sources is of minor importance, and may function only to increase

prey abundances.

The solitary trees in our study had much greater DBH than the trees at the forest edge or in

the forest interior. This can affect arthropod communities, although this effect could have been

at least partly mitigated by the large amount of deadwood in the studied forests, which were

former coppice with standards woods that have grown into high forests. Also, in a previous

study by Vodka & Cizek (2013) from the same area, the amount of deadwood was shown to be

less important than stand openness for saproxylic beetle assemblages (see also similar pattern in

Horak et al. 2014). It is evident that light conditions affect tree growth. Greater stand openness

usually results  in  greater  incremental  growth  (Altman et  al.  2013).  Trees  in  closed-canopy

conditions  grow  tall  and  thin,  with  a  lack  of  lateral  branching,  which  provides  limited

opportunities for tree-associated organisms. On the other hand, open-grown trees, due to a lack

of competition, are usually not as tall as trees growing in closed-canopy forests. They typically

develop  wide  crowns  with  large  lateral  branches  (Rackham 1998).  Open-grown  trees  thus

generally reach larger diameters, and greater wood volume than trees in closed-canopy forests.

Tree microhabitats, such as large dead branches, tree hollows, patches of bark loss, cracks,

fruiting bodies of fungi, mistletoe or lichens, are important resources for many arboricolous

invertebrates (Winter & Möller 2008; Vuidot et al. 2011; Kraus et al. 2016). Trees growing in

open conditions or sparser formations usually support a higher number of microhabitats than
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otherwise similar trees growing in closed forests (Hall & Bunce 2011; Regnery et al. 2013;

Horak et al. 2014; Ouin et al. 2015; Siitonen & Ranius 2015). This is again partly associated

with the conditions in which the trees have grown. Microhabitat formation is dependent on the

condition of  the tree in terms of  its  health and state of senescence.  Trees growing in open

conditions without competition live longer even if they are stressed or  weakened,  and may

continue  to  accumulate  microhabitats  over  time.  By  contrast,  in  closed-canopy  forests

competition for light between trees is high, which increases mortality rates, and prevents the

developement  and  accumulation  of  deadwood  microhabitats.  In  commercial  forests,  short

rotation times (on average around 100 years) mean that trees are even cut before they reach

senescence.

If there are large veteran trees in closed-canopy forests, they are usually the result of past

openness of the habitat (Lonsdale 2013). However, with succession, the formerly open-grown

trees  are  often  overtopped by younger  shade-tolerant  trees  and  subsequently die  (Rackham

1998),  with  flow-on  effects  to  invertebrate  communities  that  relied  on  such  trees.  Some

saproxylic insects specialize on deadwood in dying trees, and perform poorly in dead trees. For

instance, the great capricorn beetle Cerambyx cerdo, protected within EU’s Habitats Directive

(Council  of  the  European Communities  1992),  exploits  only senescent  but  still  living oaks

(Buse et al. 2008; Albert et al. 2012), and females do not lay eggs on dead trees. Therefore, in

the  forest  interior,  where  large  trees  may die  quickly from overtopping,  this  beetle  cannot

establish long-lasting populations. On the other hand, solitary trees, if not cut and removed, can

persist for hundreds of years, maintaining temporal continuity of available deadwood. Solitary

trees therefore represent an important woodland feature that should be of principal concern in

biodiversity conservation.

Implications for conservation

In  the  modern  European  landscape,  the  number  of  open-grown  trees  are  rapidly declining

(Manning et al. 2006; Miklín & Čížek 2014; Varga et al. 2015). The disappearance of these

trees represents an actual threat  for global biodiversity.  Solitary trees are disappearing from

commercially managed forests and pastures, either due to deliberate removal  (Bugalho et al.

2011)  or due to the gradual increase in canopy closure. Moreover, they disappear even from

protected woodlands because these are often managed through a minimal intervention approach,

which invariably leads to higher canopy closure through succession (Miklín  &  Čížek 2014).

Therefore, in order to protect the biodiversity associated with solitary trees, nature conservation

should target  two principal  objectives.  First,  to  ensure the long-term persistence  of  extant  
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solitary trees, and second, to promote the recruitment of new cohorts of solitary trees. This can

often only be done by active intervention.

Old solitary trees should not be removed from the countryside because they are seen as

‘dangerous’ or  ‘defective’ (Alexander  1998;  Bütler  et  al.  2013;  Lindenmayer  et  al.  2014).

Detailed guidelines for  the special  care of veteran trees  have already been described (Read

2000;  Lonsdale  2013).  The  long-term  persistence  of  trees  can  be  ensured  through  proper

arboricultural  care.  For  instance,  crown  reduction  reduces  the  risk  of  trunk  collapse  and

prolongs the lifespan of trees (Read 2000; Fay 2011). Pollarding or shredding can serve very

well in such situations (Rackham 1998; Read 2000; Sebek et al. 2013). Many formerly open-

grown veteran trees are overgrown by younger trees, causing shading and jeopardizing their

survival. In such cases, it is appropriate to gradually and carefully clear a circle or partial circle

around  these  veteran  trees  (so-called  “haloing”)  (Lonsdale  2013)  to  avoid  mortality.  The

recruitment of a sufficient number of younger solitary trees must take place in order to ensure

the temporal availability of trees when existing trees die. In woodlands that are still extensively

pastured, young trees can to some extent develop naturally amongst thorn scrub or distasteful

plants (Vera 2000), although such recruitment usually takes a very long time. In areas where

wood-pasture had been abandoned, or where only very old trees persist and new generations are

urgently  needed,  young  trees  should  be  planted.  Conservation  actions  should  be  primarily

targeted  at  places  where  the  forest  structure  is  still  open,  or  at  least  was  until  recently

(abandoned  wood-pastures  or  neglected  coppices).  Wood-pasturing  is  probably  the  best

management option for the maintenance of sufficient numbers of solitary trees in the long-term.

Significant  thinning  may be  employed  to  ensure  the  rapid  creation  of  an  open  woodland

structure  prior  to  introducing  wood-pasturing,  or  in  places  where  wood-pasturing  is  not

possible.
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Abstract

The aim of this study was to compare structural characteristics of saproxylic beetle assemblages

between three forest types of different altitude and latitude. Sampling took place in a lowland

rainforest in Panama, a hardwood floodplain forest and a beech-fir mountain forest, both in the

eastern Czech Republic. The Beetles were sampled by flight intercept traps that were placed

along vertical transects (traps were at placed 0, 1.3, 7, 14 and 21 m above ground – additionally

28 m in the tropical forest).

The  tropical  forest  was  estimated  to  host  two  to  three  times  more  species  than  the

temperate lowland and the mountain forest, respectively. Beetle assemblages in all three forest

types  where  clearly  vertically  stratified,  with  stratification  being  most  pronounced  in  the

tropical forest. Species richness was similar in the understorey of all three forests; it peaked in

the canopy of the tropical forest (at 28 m) but in the understorey (1.3 m) of the temperate ones.

Feeding guild composition and stratification exhibited similar patterns in all three forest types

as proportions of most feeding guilds along the vertical gradient changed in the same way in the

tropical and temperate forests.

The vertical stratification of beetle communities was best pronounced in the structurally

most complex tropical forest and least pronounced in the structurally least complex mountain

forest. The high richness of saproxylic beetles in the tropical forest was due to the richness of

canopy  fauna.  The  similarities  in  guild  composition  and  stratification  suggest  that  similar

factors such as e.g. resource availability govern the structuring of saproxylic beetle assemblages

in the three forests in this study and, perhaps, also in most other forests on the Earth.

Introduction

Understanding  the  patterns  of  species  distribution  on  a  global  scale  is  one  of  the  major

challenges in modern ecology. This is especially true in case of terrestrial arthropods which hold

key positions in almost all ecosystems around the globe. Arthropod communities are generally

showing increasing species richness with decreasing latitude (e.g. Kocher & Williams; Lobo &

Martín-Piera; Willig et al. 2003; Hawkins & DeVries 2009). Altitudinal gradients, on the other

hand, tend to show a larger variety. Arthropod species richness has been shown to decrease with

elevation  (Robertson  2002;  Escobar  et  al.  2007)  but  may also  increase  or  exhibit  a  mid-

elevation peak (Davis et al. 1999; Yu et al. 2013). Research on species distribution patterns on

the smaller scale of the respective tropical, temperate, lowland and mountain habitats is also a

high priority, since it is essential for biodiversity conservation, forestry and agriculture.

Forests  are three-dimensional  habitats  where organisms are  also distributed along the  
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vertical gradient between forest floor and tree tops (Basset et al. 2003a). Depending on the type

of forest and taxa studied, the vertical gradient in stratification of arthropod assemblages might

be imperceptible, or it may result in a clear stratification between sampling heights (e.g. Tanabe

2002; Leksono et al. 2005; Wermelinger et al. 2007; Maguire et al. 2014; Basset et al. 2015).

The stratification patterns  also change with latitude  as  stratification is  more pronounced in

tropical forests than in temperate ones, probably due to the higher complexity of the vertical

structure of tropical forests (Basset et al. 2003a). 

Insects associated with the wood of dead or live trees (i.e. saproxylic insects), especially

beetles, constitute a substantial portion of forest biodiversity. Owing to their ability to weaken

or  kill  trees  and  start  the  decomposition  process,  many  beetles  are  considered  essential

components  of forest  dynamics in the natural  forest  and serious pests in production forests

(Wermelinger 2004; Müller et al. 2008). The recent decrease in the amount of dead wood and

old trees in forests has caused serious decline of numerous species (Siitonen et al. 2000; Floren

& Schmidl 2008). Saproxylic beetles are thus intensively studied due to their status as pests or

target species of nature conservation (Stokland et al. 2004; Stokland et al. 2012; Bouget et al.

2013).  They also  serve  as  model  organisms  for  identifying  sustainable  forest  management

practices (Siitonen et al. 2000; Martikainen 2001; Grove 2002).

Despite numerous studies on the ecology of saproxylic beetles, little is known about their

response on larger ecological scales. Tykarski (2006) reported a decrease in species richness of

bark  beetles  and  their  associates  with  altitude,  while  Procházka  et  al.  (unpublished  data)

reported shifts in community composition of bark beetles between lowland and montane forests.

Another recent study (Weiss et al.  2016) showed very similar patterns in fine-scale vertical

stratification and guild composition of the entire saproxylic beetle community of a temperate

lowland and mountain forest despite low species overlap. Even less is yet  known about the

differences of the beetle assemblages between temperate and tropical forests. Despite the fact

that the latter host an additional group of arthropod wood decomposers – namely termites –

saproxylic beetles still play a crucial role in these forests (Grove & Stork 1999, Ødegaard et al.

2004).  Yet  there  is  little  knowledge whether  and how competition with  termites,  high  tree

species diversity, complex vertical structure, feeding pressure on fungi or the higher variation of

wood density (Swenson & Enquist 2007) shape communities of saproxylic beetles and if there

are  differences  between  tropical  and  temperate  forests.  However,  directly  comparing  these

communities between habitats of different ecosystems is a problematic task. It requires at the

very  least  a  comprehensive  sampling  of  all  respective  habitats  in  an  identical  way.  This

constitutes a considerable logistical challenge. 
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In this study we analyze data of saproxylic beetle assemblages that meets the above mentioned

requirements. The tropical part was sampled in the scope of the IBISCA project (Basset et al.

2007)  in  a  lowland  rainforest  in  Panama.  The  temperate  part  was  sampled  in  a  lowland

floodplain and mountain forest in the Czech Republic (Weiss et al. 2016). All of these forest

types were sampled intensively and with essentially the exact same trapping method along a

fine-scale vertical gradient. 

Using  this  data  we  performed  an  unprecedented  comparison  of  the  saproxlic  beetle

communities in forests of different altitude and latitude to answer the following questions: (i)

How do species richness and guild structure differ between communities of saproxylic beetles

in the three forest types? (ii) Do patterns of species distribution along the vertical gradient differ

between the three forest types? (iii) Does the distribution of feeding guilds along the vertical

forest gradient differ between the three forest types?

Methods

Study sites

The field sampling of the tropical lowland forest took place in the San Lorenzo Protected Area

in the Colón Province of the Republic of Panama).  The area is located in the middle of the

Mesoamerican Biological Corridor “hotspot”, which is known to harbor relatively high levels of

biodiversity (Weaver & Bauer, 2004). For a detailed description of this sampling area see Basset

et al. (2007).

Sampling of the temperate forests was performed in a  lowland floodplain forest  and a

mountain forest range in the Czech Republic. The lowland part of the study was conducted in

the alluvial woodlands along the lower Dyje (Thaya) and Morava (March) rivers in southern

Moravia. The entire area is a regional biodiversity hotspot and important refuge of saproxylic

fauna (Rozkošný & Vaňhara 1995, Schlaghamerský 2000). 

The montane part of tshe study was conducted in the Moravian-Silesian Beskids (Beskydy)

– a mountain range belonging to the Western Carpathians, situated in north-eastern Moravia.

The area is one of the most important refuges of montane saproxylic biodiversity in the Czech

Republic (Horák et a. 2009, Vávra & Stanovský 2013). For a detailed description of these two

sampling areas see Chapter I.

Sampling design and technique

Sampling in the tropical lowland forest focused on four sites. Three of those were in the direct

reach of the STRI canopy crane while the fourth was situated on a ridge on average 368 meters 
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from  the  crane  sites  (see  Figure  1e).  At  each  sampling  site,  three  vertical  transects  were

installed. Each vertical transect consisted of six unbaited flight intercept traps exposed at 0, 1.3,

7, 14, 21 and 28 meters above the ground (height at the middle of the interception panels).

Hereafter the first two of these trap heights will be referred to as “understorey” and the other

three as “canopy”. In sum 120 traps were installed on the sampling sites. Sampling took place

from October 2003 until October 2004.

In the temperate lowlands and the mountains five sampling sites were selected in each of

the two study areas (see Figure 1c+f). Because of the overall lower tree height in the temperate

forests the transects here lacked the uppermost trap at 28 meters. A total of 150 traps were used,

with 75 traps in the lowland and 75 traps in the montane forest. Sampling was carried out in

2007 in the lowland and in 2008 in the mountains. Due to the difference in the length of the

vegetation season, traps at the lowland sites were operated from the end of March (after ceasing

of inundation) until the end of September, whereas traps at the montane sites were operated

from the end of April (ceasing of snow cover) until the end of September. The sampling thus

covered virtually the whole period of beetle activity in both sampling areas. However, only the

samples from half of this period from the tropical forest (October 2003 – May 2004) were used

in this studies´ analysis, since the rest of the beetle specimen was not identified.

A list of all sampling sites with all relevant information can be found in the Supplementary

Material  (Table  S1).  The  flight  intercept  traps  used  were  of  the  cross  vane  type  (the  two

perpendicular transparent plastic panes were 50 cm high and 25 cm wide) with a roof, and a

funnel connected to a collecting bottle with preservative (saturated salt solution with a drop of

detergent to eliminate surface tension). 

The traps were emptied every ten days in tropical lowland forest and every fortnight in the

temperate forests.  All  trapped beetle  individuals  were sorted and identified to  family level;

saproxylic groups were identified to species level. Species identity was revised by experienced

specialists.  Staphylinidae were  omitted  from  the  dataset  due  to  difficulties  with  their

identification. This is a common approach, unlikely to affect our results (Sebek et al. 2012,

Parmain  et  al.  2015).  Every  saproxylic  species  was  assigned  to  a  feeding  guild  as  either

mycetophagous, xylophagous, zoophagous, or saprophagous based on the most authoritative

information available (Leschen et al. 2010). All species in any way associated with fungi were

considered as mycetophagous.
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Figure 1. a) Global location of the study areas in b) Czech Republic and d) Panama. Five study

sites were selected in c) the Moravian-Silesian Beskid Mountains and f) the alluvial woodlands

along the  lower Dyje  and Morava rivers  in  southern Moravia,  each.  Four study sites  were

selected in e) the San Lorenzo Protected Area in the Colón Province.

Data Analysis

Species richness and distribution

To compare the overall species richness between the three forest types the expected numbers of

species  with  confidence  intervals  were  computed  using  sample-based  rarefaction  using

EstimateS 9.1.0 (Colwell, 2013).  The total number of species was estimated using the classic

Chao1 richness estimator with 100 runs for each of the two sampling areas (Chao, 1984). Since

sampling covered the entire period of beetle activity in both temperate forest types but only half

of it on the tropical forest we also assessed the comparability of the datasets. This was done by

calculating the incidence-based sample coverage (Chao & Jost, 2012; Chao et al. 2014) for all

forest types. This analysis was carried out with the iNEXT package (Hsieh et al. 2016) in R (R

Core Team 2014).

Species dissimilarity

To investigate the change of the saproxylic beetle communities along the vertical transects, a

species dissimilarity matrix was calculated for the samples of each of the 3 forest types. The

Bray-Curtis Index was chosen as a measure of dissimilarity since it has been proven suitable for
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ecological comparisons (Legendre & de Cáceres, 2013). Following from this, the dissimilarity

of  each  beetle  sample  (N=72  in  the  tropical  lowland  forest,  N=75  in  the  temperate

lowlands/mountains) to the forest types´ average ground sample and uppermost canopy sample

was calculated. To test the relationship between these dissimilarity values (from now on called

DissRelGround for the dissimilarity to the average ground sample) and the sampling height and

forest type a linear mixed effects model (LMM) was calculated with log-transformed “height”

as a continuous fixed effect and “forest type” as categorical fixed effect.  Sampling site and

sampling transect were used as hierarchical random effects. The DissRelGround as response variable

was logit-transformed. The analysis was conducted with the nlme package (Pinheiro et al. 2016)

in R (R Core Team 2014).

Indicator species 

To gain further insight into patterns of beetle vertical distribution, we investigated affinities of

individual species to the sampled heights. Indicator species for trap heights were by identified

for  all  3  forest  types as  described by  Dufrêne & Legendre (1997).  Only species  that  were

significant (p < 0.05) and had an IndVal value > 0.15 were selected for this analysis. Then for

each sample the number of indicator species for the samples´ height level were counted.

To explore the relationship between the number of  indicator  species  and the sampling

height  and  forest  type  a  generalized  linear  mixed  effects  model  (GLMM)  with  poisson

distribution  was  calculated  with “height”  as  a  continuous  fixed effect  and  “forest  type”  as

categorical fixed effect. Sampling site and sampling transect were used as hierarchical random

effects. The labdsv (Roberts 2016) and lme4 (Bates et al. 2015) packages was used to conduct

the analysis in R (R Core Team 2014).

Feeding guilds

Changes in feeding guild composition along vertical gradient were investigated and compared

among the three forests. Each of the four feeding guilds was analyzed separately. The relative

guild proportion per sample was log-transformed and from there on the analysis was conducted

in the exact same way as with species dissimilarity (see above).

Results

Species richness and distribution

All three forest habitats showed very similar values of incidence-based sample coverage, with

90,5% in the tropical forest, 96,5% in the temperate lowland forest and 96,1% in the temperate

93



Chapter III.                                                                                                                                       

mountain forest. In the tropical lowland forest 9,247 beetle species were sampled belonging to

530 species. The total number of species given by the Chao1 species richness estimator was

almost twice that number with 947 (95% CI 823 – 1122).

7,429 beetle specimens were caught in the temperate lowlands and 8,939 in the mountains.

However, with 381 species trapped in the lowland and 236 in the mountains, the assemblage of

the former  was substantially richer.  Only 105 species  (21% of total  species  richness)  were

collected at both elevations; the number of shared species was estimated to be 169 (30%) using

the Chao shared species estimator. The total number of species was estimated to be 463 (95%

CI 429–519) in the lowlands and 312 (95% CI 276 – 380) in the mountains using the Chao1

species richness estimator (see Figure 2b). Overall the estimated species richness suggests that

the topical lowland forest was sampled way less exhaustively than both temperate forests.

Figure 2. (a) Species richness (including 95% confidence intervals) along the vertical gradient

in all three forest types  of two temperate and one tropical forest (b) Total species richness of

saproxylic beetles (barplots) and estimated total species richness of saproxylic beetles by the

Chao1 species  richness  estimator  (dots)  in  all  three forest  types  of  two temperate  and  one

tropical forest (including 95% confidence intervals) 

In the tropical lowland forest the number of species collected at each trap height was lowest at 0

m. From there it was continuously rising until it peaked at 21 m with 28 m being slightly poorer

in species again. 

In the temperate forest forest types the number of species collected at a particular height

was lower in  the mountains  for  each of  the sampled heights,  and the difference in species

richness was lowest near the ground and highest in the upper sampling heights. In both areas

species richness peaked at 1.3 m. In the lowland, the assemblage at 0 m was the poorest, and

there were  no major differences in species richness among the three sampled heights in the

canopy (7, 14, and 21 m). 
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In the mountains, the higher canopy heights (14 and 21 m) were the poorest. There were

more species collected at 0 and 7 m heights than higher in the canopy, but less than at 1.3 m

height. For an overview of the species richness distribution along the vertical transect in all

three forest types see Figure 2a.

Species dissimilarity

The results of the LMM show a significant effect of trap height on the species dissimilarity to

the average ground sample (DissRelGround) as well as a difference between all 3 forest types: The

overall DissRelGround was higher in both temperate forests than in the tropical lowland forests even

though this difference was more pronounced for the mountain forest. Furthermore the way in

which  DissRelGround changed with trap height  was  significantly different  between the  tropical

lowland forest and both temperate forest forest types. The difference in slopes was, again, more

significant  between  in  case  of  the  mountain  forest.  (see  Table  1).  A plot  of  the  predicted

DissRelGround against the log-transformed trap height can be seen in Figure 3.

Table 1. Results of the Linear Mixed Model (LMM) showing the influence of trap height, forest

type and the combination of these factors on the species dissimilarity of saproxylic beetles to

the average ground sample (DissRelGround) (TeL = temperate lowland forest, TeM = temperate

mountain forest)

Predictor Estimate SE P-Value

log(Trap Height)   0.72 0.02 < 0.001

Forest Type: TeL   0.45 0.10 < 0.01

Forest Type: TeM   1.43 0.10 < 0.001

Trap Height X Forest Type: TeL - 0.13 0.03 < 0.01

Trap Height X Forest Type: TeM - 0.52 0.03 < 0.001

Indicator species 

The number of indicator species that were identified for the respective trap heights in all three

forest types can be seen in Figure 4. The GLMM showed that all environmental effects and their

interactions had a highly significant effect on the number of indicator species (see Table 2).

Overall the number of indicator species decreased along the vertical transect in both temperate

forests while there was more of a u-shaped pattern in terms of species numbers in the tropical
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Figure 3. Plot of the Linear-Mixed-Model(LMM)-predicted species dissimilarity of saproxylic

beetles to the average ground sample (DissRelGround) against log-transformed trap height in all

three forest types of two temperate and one tropical forest

forest. Therefore the distribution of indicator species along the transect was different between

the tropical and temperate forests. On the other hand, the total number of indicator species was

highest in the temperate lowland forest and lowest in the temperate mountain forest (see Figure.

4).

Feeding Guilds

In all studied forests, the proportion of mycetophages decreased with trap height, while that of

xylophages,  zoophages and marginally also saprophages increased. Mycetophages were less

represented  in  the  temperate  mountain  forest  than  in  the  other  forests.  The  proportion  of

saprophages was higher in the temperate lowland forest than in the other forests,  while the

proportion of zoophages was higher both temperate forests than in the tropical one. For details

see Table 3 and Figure 5.
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Table 2. Results of the General Linear Mixed Model (GLMM) showing the influence of trap

height, forest type and the combination of these factors on the number of indicator species of

saproxylic beetles. (TeL = temperate lowland forest, TeM = temperate mountain forest)

Predictor Estimate SE P-Value

log(Trap Height)  - 0.04 0.01 < 0.001

Forest Type: TeL    0.35 0.09 < 0.001

Forest Type: TeM  - 0.43 0.11 < 0.001

Trap Height X Forest Type: TeL  - 0.06 0.01 < 0.001

Trap Height X Forest Type: TeM  - 0.10 0.02 < 0.001

Figure 4. Number of the indicator species (species indicative to a certain habitat) of saproxylic

beetles per sampling height in all three forest types of two temperate and one tropical forest
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Table 3. Results of the Linear Mixed Model (LMM) showing the influence of trap height, forest

type  and  the  combination  of  these  factors  on  the  proportion  of  the  four  feeding  guilds  of

saproxylic  beetles  per sample.  (TeL = temperate lowland forest,  TeM = temperate mountain

forest)

Feeding Guild Predictor Estimate SE P-Value

Mycetophages log(Trap Height)  - 0.21 0.03 < 0.001

Forest Type: TeL  - 0.20 0.12    0.131

Forest Type: TeM  - 0.39 0.12 < 0.01

Trap Height X Forest Type: TeL    0.02 0.05    0.699

Trap Height X Forest Type: TeM  - 0.02 0.05    0.643

Saprophages log(Trap Height)    0.25 0.10 < 0.05

Forest Type: TeL    1.31 0.33 < 0.01

Forest Type: TeM    0.56 0.33    0.118

Trap Height X Forest Type: TeL  - 0.59 0.15 < 0.001

Trap Height X Forest Type: TeM  - 0.42 0.15 < 0.01

Xylophages log(Trap Height)    0.15 0.05 < 0.001

Forest Type: TeL  - 0.97 0.19 < 0.001

Forest Type: TeM  - 0.06 0.19    0.714

Trap Height X Forest Type: TeL    0.33 0.06 < 0.001

Trap Height X Forest Type: TeM    0.16 0.06 < 0.01

Zoophages log(Trap Height)    0.23 0.08 < 0.01

Forest Type: TeL    0.98 0.29 < 0.01

Forest Type: TeM    1.00 0.29 < 0.01

Trap Height X Forest Type: TeL  - 0.10 0.12    0.376

Trap Height X Forest Type: TeM  - 0.25 0.12 < 0.05

98



                                                                                   Stratification in temperate and tropical forests

Figure 5. Mean Proportion of the four feeding guilds of saproxylic beetles per flight intercept

trap sample along the vertical gradient in three forests types of two temperate and one tropical

forest.

Discussion

In this study we present the first comparison of spatial assemblage characteristics of saproxylic

beetles between temperate and tropical forests. The fact that we sampled only one among the

wide variety of tropical forest habitats partly limits the validity of our observations. Despite

this, our results still provide valuable new insight to the altitudinal and latitudinal patterns of

species distribution of saproxlic beetles. In all areas the sampling was intensive and followed an

identical protocol. We therefore believe that the results are relevant to the wider region.

Another limitation of our study is that  we were only able to include about half of the

period  of  beetle  activity  from  the  tropical  forest.  Beetle  assemblages  in  tropical  forests,

however,  display  seasonality  in  terms  of  diversity  and  feeding  guild  composition  (e.g.

Grimbacher & Stork 2009). Data covering only part of the season in the tropical forest thus

present limitation to this study. But since the datasets from the three forests showed very similar

values of sample coverage and are therefore statistically comparable (Chao & Jost 2012), we

state that the analytic comparisons performed in this study are valid.
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Species richness and vertical stratification patterns

The estimated number of beetle species in tropical forest was about two and three times higher

than in the temperate lowland and mountain forests, respectively. Yet the vertical distribution of

species richness differed highly between the temperate and tropical forests. While the number

of species almost constantly increased in the tropical forest and peaked at 21 meters, the species

richness peaked in the understorey (1.3 m) of both temperate forests. Interestingly, a temperate

forest might seem substantially richer than a tropical rainforest near the forests floor. This is

also likely an explanation for the rather low dissimilarity of the near-ground samples in the

tropical forest, where the dissimilarity rapidly increases with height. In temperate forests, on the

other hand, the dissimilarity is rather high near ground, but its increase with height is slow. The

high dissimilarity near the ground in the temperate mountain forest might partly be attributed to

the higher variability due to a wider area being sampled and rugged mountain terrain. The most

interesting  result  of  the  dissimilarity  model  is  that  the  slopes,  indicating  the  change  of

dissimilarity with trap height, clearly differ between the forests. In this respect the two lowland

forests are more similar to each other than to the mountain forest, where dissimilarity shows the

lowest amount of increase along the transect. These patterns of diversity are fully in line with

global patterns in distribution of biological diversity (e.g. Prinzing & Woas 2003, Ødegaard et

al. 2004, Wermelinger et al. 2007, Basset et al. 2015). They are, nevertheless, the first direct

comparison  of  species  richness  of  saproxylic  beetle  assemblages  between  tropical  and

temperate forest habitats. The high differences in tree species richness at the sampling sites are

not mirrored by beetles diversity, suggesting rather low host specificity of saproxylic beetles in

tropics. This has also been observed in previous studies (e.g. Beaver 1979, Tavakilian et al.

1997, Ødegaard et al. 2000).

The  vertical  stratification  of  beetle  communities  in  the  three  forest  types  can  best  be

explained through resource availability and partly also competition. Firstly, the complexity of

the  vertical  forest  structure  has  repeatedly  been  linked  to  the  stratification  of  arthropod

communities (Basset et al. 2003a). The tropical rainforest has a higher vertical complexity than

temperate forests (Smith 1973, Terborgh 1985).The temperate lowland forest has, in turn, more

specific  tree  layers  than  the  mountain  forest  (Janik  et  al.  2013).  Sun-lit  dead  wood  is  an

important resource to many saproxylic beetle species (e.g. Franc et al. 2007), but is virtually

absent in the tropical forest understorey since almost none of the solar energy reaches the gound

(Parker  1995).  Close  intertwining with  lianas  ensures  a  higher  occurrence  of  standing  and

especially suspended dead wood in the canopy of tropical forests compared to temperate ones

(Martius & Bandeira 1998). Furthermore, the concentration of supplementary resources such as
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flowers and fruits, which a large part of the adult beetles depend on, is much higher in tropical

canopies. Another reason for the lower species richness on the forest floor could also be the

competition  of  termites  (Ødegaard  et  al.  2000).  They are  an  equally important  part  of  the

saporxylic community in this forest type and are more active on the forest floor than in the

canopy (Roisin et al. 2006).

Indicator species along the vertical gradient

The analysis of the indicator species points to further differences in patterns of beetle vertical

stratification  between  tropical  and  temperate  forest.  In  the  former,  the  indicator  species

distribution was U-shaped with peaks at the ground level and at the upper canopy (21 m). This

suggests that there is a very distinct community of saproxylic beetles near the ground adapted to

the dark and humid conditions near the forest floor. These are opposed by communities that

prefer the drier,  sun exposed canopy,  where the number of indicator species rises with trap

height. Surprisingly,  no species was indicative for 28 meters, the highest and second richest

height sampled in the tropical forest. Possibly beetles from bellow frequent this height in search

of resources, such as flowers, or use it as flight level in order to avoid navigating in the denser

foliage underneath.

In  both  temperate  forests  the  distribution  of  the  indicator  species  follows  the  species

richness patterns more closely. In the temperate forest, due to its lower structural complexity,

dead  wood  is  more  concentrated  near  ground,  sunlight  availability  gradients  are  less

pronounced and there is less competition for the dead wood from termites and/or fungi. More

indicator species thus occur at the heights where most of the wood is accumulated. The lower

overall  number of  indicator  species  in  tropical  forest  can at  least  partly attributed to much

higher percentage of rare species which is a common phenomenon in tropic forests (Price et al.

1995, Novotný & Basset 2000).

Guild composition

Saproxylic beetles communities are stratified in terms of guild composition, as representation of

all four feeding guilds is influenced by trap height in the three forest types studied. 

The  common patterns  in  all  three  forests  include  the  decrease  of  mycetophages  with

height, most likely due to the relatively moist conditions near the forest floor that provide better

conditions for the fungi that  these species rely on (Floren et  al.  2014, Ulyshen 2011).  The

proportion of xylophages generally rises upwards along the vertical gradient. Many xylophages

– especially from the families of Cerambycidae, Curculionidae and Buprestidae – prefer dead
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wood objects in the canopy (e.g.  Ødegaard 2003, Kappes & Topp 2004). The proportion of

xylophages shows a much stronger increase in the temperate forests than in the tropical one.

This, perhaps, is due to the fact that the overall species richness decreases along the vertical

gradient in the former, but it rapidly increases in the latter. Therefore increase of the relative

proportion  of  xylophages  seems  less  pronounced  compared  to  the  temperate  forests.  The

increasing proportion of zoophages with trap height is also a common phenomenon in all forest

types. And important reason for this is most likely that many species of this guild are predatory

as larvae as well as adults (Leschen et al. 2010). Therefore the imagines are usually highly

mobile and will prefer the upper parts of the forest where vegetation is less dense and insolation

is higher – at least in temperate forests. In the tropical forest the preference of predators for the

upper end of the transect can best be explained by the higher amount of resources, like leafs

flowers and fruits, that attract a higher abundance of prey (Basset et al. 2003b).

Yet, there are also differences in the distribution of feeding guilds between the forest types.

For once, the proportion of mycetophages is overall lower in the mountain forest than both

lowland forests, even though Weiss et al. (2016) showed that this forest has a high proportion of

this guild. The patterns shown here do not necessarily oppose those findings because of the fact

that the mountain forest was sampled across a wider area. This can lead to a higher amount of

species of a certain guild at forest-level but not necessarily at sample-level. The fact that the

overall  proportion  of  xylophages  is  higher  in  both  the  tropical  forest  and  the  temperate

mountain forest most likely has different reasons in both forests: In the tropical forest it might

be the fact that many xylophages are early colonizers, which are usually the most tree species

specific group among saproxylic beetles (Stokland et al. 2012). Therefore this might be where

the  high  tree  species  richness  of  the  tropical  forest  might  have  the  highest  impact  on  the

saproxylic  community.  In  case  of  the  temperate  mountain  forest  the  high  proportion  of

xylophages can best be explained that a beech-fir forest is generally a favorable habitat for this

guild since many of its members, especially among the Scolytinae, are dependent on these tree

species  (Leschen  et  al.  2010).  The  saprophage  guild  shows  the  most  distinct  distribution

between the tropical and temperate forests: In the temperate forests the proportion is higher at

the lower end of the transect, most likely due to the fact that dead organic matter is generally

accumulating on the forest floor. In the tropical lowland forest the proportion is rising with trap

height. The reason for this might be that the more complex forest structure ensures that dead

organic matter is more evenly vertically distributed in the forest (Nadkarni & Longino 1990).

Also the beetles might face more competition near the forest floor from less mobile saprophage

groups like nematodes and diplopodes.
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In conclusion it can be stated that the comparison of the saproxylic beetle communities from

three forest areas of different latitude and altitude showed that fine-scale vertical stratification

of the saproxylic beetle communities is a clear pattern that all of them share. On the other hand,

striking differences in species richness and similarities in feeding guild distribution could be

shown between each of them. While at least some of the mechanisms that likely account for

these differences have been named here, more research is necessary to provide additional clarity

in this regard. This also includes additional investigation on the beetle communities themselves.

Even though flight intercept traps provide a good measure of beetle activity, performing rearing

experiments and comparing their results with those presented in this work could provide further

insight into saproxylic beetle activity. Such data already exist for the tropical lowland forest but

have yet to be collected in the temperate forests.
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Summary

The studies  presented  in  this  thesis  provide  new insight  into  the  distribution  of  saproxylic

beetles  in  forest  habitats.  While  further  confirming  the  fact  these  beetle  communities  are

stratified in tropical and temperate forests, it represents one of the first efforts to analyze this

stratification on a finer scale and compare it between different habitats. The results presented

here  show that,  even  though  the  distinction  in  community  composition  is  largest  between

understorey  and  canopy,  there  are  also  differences  within  these  strata.  The  extent  of

stratification is also clearly connected to the vertical structural complexity of the forest, since it

is most pronounced in the tropical forest and least pronounced in the temperate mountain forest.

The phenomenon of stratification also extends to the feeding guild composition. These patterns

are rather similar in the temperate and tropical forests, while species richness distribution is a

major  difference  between  them.  On  the  horizontal  forest  scale  canopy  openness  greatly

influences the distribution of beetles and other saproxylic insect orders. The diversity of their

assemblages generally decreases  from solitary trees  to the forest  interior.  Yet the difference

between the forest edge and interior in the extent of community stratification is very small for

beetles  compared  to  other  saproxylic  groups.  Overall,  this  thesis  emphasizes  the  important

contribution of forest canopies and solitary trees to the biodiversity of saproxylic beetles. 

113



© for non-published parts Matthias Weiss

mattweiss@t-online.de

Key factors affecting composition and diversity of saproxylic beetle assemblages

Ph.D. Thesis Series, 2017, No.10

All rights reserved
For non-commercial use only

Printed in the Czech Republic by Typodesign
Edition of 20 copies

University of South Bohemia in České Budějovice
Faculty of Science
Branišovská 1760
CZ-37005 České Budějovice, Czech Republic

Phone: +420 387 776 201
www.prf.jcu.cz, e-mail: sekret-fpr@prf.jcu.cz

mailto:mattweiss@t-online.de

