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“To a rough approximation and setting aside vertebrate chauvinism, it can be
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Summary

Changes and development are fundamental principles in biocenoses and can affect a 

multitude of  ecological processes. In insect communities phenological and density changes, 

changes in species richness and community composition, as well as interactions between those 

changes, are the most important macro processes. However, climate change and other factors 

like habitat degradation and loss alter these processes leading to shifts and general biodiversity 

declines. Even though knowledge about insect decline in central Europe increased during the 

last decades, there are significant knowledge gaps about the development of  insect 

communities in certain habitats and taxa. For example, insect communities in small lentic as 

well as in forested habitats are under-sampled and reported to be less endangered than 

communities in other habitats. Furthermore, the changes within habitats and taxa are 

additionally influenced by certain traits, like host or feeding specialization. To disentangle these 

influences and to increase the knowledge about the general long-term development of  insect 

communities, comprehensive long-term monitoring studies are needed. In addition, long-term 

effects of  conservation strategies should also be evaluated on large time scales in order to be 

able to decide on a scientific base which strategies are effective in promoting possibly declining 

taxa. Hence, this thesis also tackles the effects of  an integrative conservation strategy on wood 

dependent beetle and fungi, beside the development of  water beetle and macro moth 

communities over multiple decades.

In Chapter 2 I present a study on the development of  water beetle communities 

(Dytiscidae, Haliplidae, Noteridae) in 33 water bodies in Southern Germany from 1991 to 

2018. Time-standardized capture per waterbody was used during three periods: between 1991 

and 1995, 2007 and 2008, and 2017 and 2018. Results showed annual declines in both species 

number (ca. -1%) and abundance (ca. -2%). In addition, community composition shifted over 

time in part due to changing pH values. Hence, the recorded changes during the 28-year study 

period partly reflect natural succession processes. However, since also moor-related beetle 

species decreased significantly, it is likely that water beetles in southern Germany are also 

threatened by non-successional factors, including desiccation, increased nitrogen input and/or 

mineralization, as well as the loss of  specific habitats. The results suggest, that in small to mid-

size lentic waterbodies, current development should aim for constant creation of  new water 

bodies and protection of  moor waterbodies in order to protect water beetle communities on a 

landscape scale. 

In Chapter 3 I present an analysis of  the development of  nocturnal macro moth species 

richness, abundance and biomass over four decades in forests of  southern Germany. Two local 

scale data sets featuring a coppiced oak forest as well as an oak high forest were analysed 

separately from a regional data set representing all forest types in the temperate zone of  
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Central Europe. At the regional scale species richness, abundance and biomass showed annual 

declines of  ca. 1 %, 1.3 % and 1.4 %, respectively. These declines were more pronounced in 

plant host specialists and in dark coloured species. In contrast, species richness increased by ca. 

1.5 % annually in the coppiced forest, while no significant trends were found in the high forest. 

In contrast to past assumptions, insect decline apparently affects also hyper diverse insect 

groups in forests. Since host specialists and dark coloured species were affected more heavily 

by the decline than other groups, habitat loss and climate change seem to be potential drivers 

of  the observed trends. However, the positive development of  species richness in the coppiced 

oak forest indicates that maintaining complex and diverse forest ecosystems through active 

management might compensate for negative trends in biodiversity.

Chapter 4 features a study specifically aiming to investigate the long-term effect of  dead-

wood enrichment as an integrative conservation strategy on saproxylic beetles and fungi in a 

central European beech forest at a landscape scale. A before–after control–impact design, was 

used to compare assemblages and gamma diversities of  saproxylic organisms (beetles and 

fungi) in strictly protected old-growth forest areas (reserves) and previously moderately and 

intensively managed forest areas. Forests were sampled one year before and a decade after 

starting a landscape-wide strategy of  dead-wood enrichment.  Ten years after the start of  the 

dead-wood enrichment, neither gamma diversities of  saproxylic organisms nor species 

composition of  beetles did reflect the previous management types anymore. However, fungal 

species composition still mirrored the previous management gradient. The results 

demonstrated that intentional enrichment of  dead wood at the landscape scale can effectively 

restore communities of  saproxylic organisms and may thus be a suitable strategy in addition to 

permanent strict reserves in order to protect wood dependent organisms in Europe.

In this thesis I showed, that in contrast to what was assumed and partly reported so far, 

also water beetles in lentic water bodies and macro moths in forests decreased in species 

richness, abundance and biomass during the last three to four decades. In line with earlier 

studies, especially dark coloured species and specialists decreased more than light-coloured 

species and generalists. The reasons for these declines could partly be attributed to natural 

processes and pollution and possibly to climate change. However, further studies, especially 

experimental ones, will be needed to achieve a better understanding of  the reasons for insect 

decline. Furthermore, analyses of  time series data should be interpreted cautiously especially if  

the number of  sampling years is smaller than ten years. In addition, validation techniques such 

as left- and right- censoring and cross validation should be used in order to proof  the 

robustness of  the analyses. However, the lack of  knowledge, we are still facing today, should 

not prevent scientists and practitioners from applying conservation measures. In order to prove 

the effectiveness of  such measures, long-term monitoring is crucial. Such control of  success is 

essential for evidence based and thus adapted conservation strategies of  threatened organisms. 
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Zusammenfassung

Veränderungen und Entwicklung sind grundlegende Prinzipien in Biozönosen und 

können eine Vielzahl von ökologischen Prozessen beeinflussen. In Insektengemeinschaften 

stellen Veränderungen in der Phänologie und Dichte, Veränderungen des Artenreichtums und 

der Artenzusammensetzung sowie die Wechselwirkungen zwischen diesen, die wichtigsten 

Makroprozesse dar. Klimawandel und andere Faktoren wie der Verlust von Lebensräumen 

oder deren Qualitätsverschlechterung beeinflussen diese Prozesse jedoch und führen zu 

Veränderungen und allgemeinen Rückgängen der Biodiversität. Auch wenn die Erkenntnisse 

zum „Insektensterben“ in Mitteleuropa in den letzten Jahrzehnten zugenommen haben, gibt es 

erhebliche Wissenslücken über die Entwicklung von Insektengemeinschaften in bestimmten 

Lebensräumen und Taxa. Beispielsweise ist die Entwicklung von Insektengemeinschaften in 

kleinen, stehenden Gewässern und in Wäldern wenig erforscht. Darüber hinaus werden die 

Veränderungen innerhalb von Habitaten und Taxa zusätzlich durch bestimmte Merkmale, wie 

Wirts- oder Nahrungsspezialisierung, beeinflusst. Um diese verschiedenen Einflüsse 

auseinanderhalten zu können und das Wissen über die allgemeine Langzeitentwicklung von 

Insektengemeinschaften zu vergrößern, sind umfassende Langzeitstudien erforderlich. Darüber 

hinaus sollten auch die langfristigen Auswirkungen von Naturschutzstrategien über lange 

Zeiträume evaluiert werden, um auf  wissenschaftlicher Grundlage entscheiden zu können, 

welche Strategien zur Förderung bedrohter Taxa wirksam sind. Daher befasst sich diese Arbeit 

neben der Entwicklung von Wasserkäfer- und Großschmetterlingsgemeinschaften über 

mehrere Jahrzehnte auch mit den Auswirkungen einer integrativen Naturschutzmaßnahme auf  

xylobionte Käfer und Pilze.

In Kapitel 2 stelle ich eine Studie über die Entwicklung von Wasserkäfergemeinschaften 

(Dytiscidae, Haliplidae, Noteridae) in 33 Gewässern Süddeutschlands von 1991 bis 2018 vor. 

Die zeitstandardisierte Erfassung pro Wasserkörper erfolgte in drei Zeiträumen: zwischen 1991 

und 1995, 2007 und 2008 sowie 2017 und 2018. Die Ergebnisse zeigten einen jährlichen 

Rückgang sowohl der Artenzahl (ca. -1%) als auch der Abundanz (ca. -2%). Darüber hinaus 

verschob sich die Artenzusammensetzung im Laufe der Zeit zum Teil aufgrund sich ändernder 

pH-Werte. Daraus lässt sich schlussfolgern, dass die erfassten Veränderungen während des 28-

jährigen Untersuchungszeitraums teilweise natürliche Sukzessionsprozesse widerspiegeln. Da 

aber auch an moorige Gewässer gebundene Käferarten deutlich abgenommen haben, ist es 

wahrscheinlich, dass die Wasserkäfer Süddeutschlands auch durch Faktoren wie Austrocknung, 

erhöhten Stickstoffeintrag und/oder Mineralisierung sowie durch den Verlust spezifischer 

Lebensräume bedroht sind. Aufgrund dieser Entwicklungen ist es empfehlenswert, auf  
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Landschaftsebene auf  die ständige Schaffung neuer Gewässer und den besonderen Schutz von 

Moorgewässern zu setzen, um Wasserkäfergemeinschaften erfolgreich schützen zu können. 

In Kapitel 3 präsentiere ich eine Analyse der Diversitäts-, Abundanz- und 

Biomassenentwicklung von nachtaktiven Großschmetterlingen über vier Jahrzehnte in Wäldern 

Süddeutschlands. Neben einem bayernweiten Datensatz, der alle typischen Waldtypen der 

gemäßigten Zone Mitteleuropas beinhaltet, wurden zwei lokale, besonders regelmäßig 

besammelte Gebiete getrennt analysiert. In diesen Gebieten werden die Eichenwälder als 

Hoch- bzw. als Mittelwald bewirtschaftet. Bayernweit wiesen Artenreichtum, Abundanz und 

Biomasse jährliche Rückgänge von ca. 1 %, 1,3 % bzw. 1,4 % auf. Diese Rückgänge waren bei 

Wirtspflanzenspezialisten und bei dunkel gefärbten Arten besonders stark ausgeprägt. Im 

Gegensatz dazu nahm der Artenreichtum im Mittelwald jährlich um ca. 1,5 % zu, während im 

Hochwald keine signifikanten Trends festgestellt werden konnten. Im Gegensatz zu früheren 

Annahmen betrifft der Insektenrückgang offenbar auch hyperdiverse Insektengruppen im 

Wald. Da Wirtspflanzenspezialisten und dunkel gefärbte Arten vom Rückgang stärker 

betroffen waren als andere, scheinen Lebensraumverlust und Klimawandel potentielle Treiber 

der beobachteten Trends zu sein. Die positive Entwicklung des Artenreichtums im Mittelwald 

zeigt jedoch, dass der Erhalt komplexer und vielfältiger Waldökosysteme durch aktives 

Management, negative Biodiversitätstrends zum Teil kompensieren könnte.

Kapitel 4 enthält eine Studie, die die Langzeitwirkung von Totholzanreicherung als 

integrative Naturschutzmaßnahme auf  xylobionte Käfer und Pilze in einem mitteleuropäischen 

Buchenwald auf  der Landschaftsebene untersucht. Dabei wurde die Gamma-Diversität und die 

Artenzusammensetzung dieser beiden Gruppen anhand einer Vorher-Nachher Untersuchung 

mit Kontrollflächen (Naturwaldreservate) untersucht. Die bewirtschafteten Flächen wurden 

weiterhin in zuvor mäßig und intensiv bewirtschaftete Flächen eingeteilt. Die Wälder wurden 

ein Jahr vor und ein Jahrzehnt nach Beginn einer Totholzanreicherungsstrategie auf  

Landschaftsebene beprobt.  Zehn Jahre nach Beginn der Totholzanreicherung spiegelten weder 

die Gamma-Diversität der xylobionten Organismen noch die Artenzusammensetzung der 

Käfer die früheren Bewirtschaftungstypen wider, und wiesen keine Unterschiede mehr zu den 

Naturwaldreservaten auf. Die Pilzartenzusammensetzung spiegelte jedoch noch immer den 

früheren Bewirtschaftungsgradienten wider. Die Ergebnisse zeigen, dass Totholzanreicherung 

auf  Landschaftsebene positive Effekte auf  xylobionte Artengemeinschaften haben kann. Somit 

stellt Totholzanreicherung eine Naturschutzmaßnahme dar, die zusätzlich zu permanenten 

Schutzgebieten, eine Grundlage schaffen kann, um holzabhängige Organismen in Europa zu 

schützen.

In dieser Arbeit habe ich gezeigt, dass im Gegensatz zu dem, was bisher angenommen 

und zum Teil berichtet wurde, auch Wasserkäfer in stehenden Gewässern und nachtaktive 

Großschmetterlingen in Wäldern in den letzten drei bis vier Jahrzehnten an Artenreichtum, 

Abundanz und Biomasse abgenommen haben. In Übereinstimmung mit anderen Studien 
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nahmen vor allem dunkel gefärbte Arten und Spezialisten stärker ab als hell gefärbte Arten und 

Generalisten. Die Gründe für diese Rückgänge konnten zum Teil auf  natürliche Prozesse, 

Umweltverschmutzung und möglicherweise auf  den Klimawandel zurückgeführt werden. Es 

sind jedoch weitere Studien, insbesondere experimentelle, erforderlich, um die Gründe für das 

„Insektensterben“ besser zu verstehen. Darüber hinaus sollten Zeitreihendaten mit Vorsicht 

interpretiert werden, insbesondere wenn die Anzahl der besammelten Jahre kleiner als zehn 

Jahre ist. Darüber hinaus sollten Validierungstechniken wie Links- und Rechts-Zensierung und 

Kreuzvalidierung eingesetzt werden, um die Robustheit der Analysen nachzuweisen. Der 

Mangel an Wissen, mit dem wir heute noch konfrontiert sind, sollte Wissenschaftler und 

Praktiker jedoch nicht davon abhalten, Naturschutzmaßnahmen anzuwenden. Um die 

Wirksamkeit solcher Maßnahmen nachzuweisen, ist eine langfristige Überprüfung von 

entscheidender Bedeutung. Solche Erfolgskontrollen sind für evidenzbasierte und damit 

angepasste Erhaltungsstrategien bedrohter Organismen unerlässlich.
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Chapter 1: General introduction

1.1 Development of  communities and types of  development

Development is a fundamental principle in biological systems which can be found from 

cellular up to macroecological levels. Development always implies a change of  a certain study 

object or system. In ecology it is often an individual, species, species community or their 

attributes (traits, genetic structure etc.) which are studied. Studying the abundance of  a single 

species remains fairly straightforward in terms of  possible outcomes at a certain sampling 

point (increase – constant – decrease). Communities, on the other hand, are complex 

structures in which not only species number and abundance can vary in time but also species 

identities and interactions may fluctuate. The disappearance of  species from communities with 

a simultaneous or subsequent appearance of  other species is called turnover and is a topic 

which was addressed since the beginning of  ecological research d. Currently one of  the most 

challenging tasks in community research is the differentiation between (anthropogenically 

caused) long-term trends and natural fluctuations or short to mid-term phenomena like 

weather variations (Fewster et al., 2000; Benton et al., 2002; Hallmann et al., 2019). Note, that 

even when environmental and other conditions are static, communities change through 

demographic stochasticity (ecological drift) (Vellend, 2010; Sgardeli et al., 2016). This 

phenomenon is called neutral turnover. Indications of  negative trends of  species abundance 

and community developments in the Anthropocene increased the pressure on gaining 

knowledge about processes of  community development, beyond the general scientific interest 

in exploring such processes. Especially the effects of  land use change, pollution and climate 

change on wildlife has become an important scientific issue. Since the 1990 high impact 

journals started to concentrate on these topics (e.g. Global Change Biology 1995, Nature 

Climate Change 2011). While in animals, research on a human-induced biodiversity crisis has 

focused a lot on vertebrates (Ceballos et al., 2015), recently the negative trends in insect 

communities have raised concerns in the scientific community as well as policy makers and the 

general media (Habel et al., 2019a; Kunin, 2019; Thomas et al., 2019). As insects provide a 

multitude of  ecosystem services as well as disservices, their long-term development produced 

interest for a long time (Sabrosky, 1953) and was increasingly studied since the 2000s 

(Parmesan & Yohe, 2003; Chapman, 2009; Stork, 2018). Studies on long-term development of  

insect communities include different types and causes of  long-term changes, which will be 

introduced below. The following section will also comprise the identification of  knowledge 
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gaps in central Europe, which in turn will lead to the study questions of  this this thesis.

1.1.1 Phenology and Phenological changes

One of  the most basic temporal patterns in insect communities are seasonal phenologies 

i.e. seasonal life cycles. For most insect imagines in temperate regions, there is one or more 

peaks of  abundance at a certain point of  the growing season (Scott & Epstein, 1987). As these 

peaks differ from one species to another, community compositions at certain locations vary 

along the course of  the season (Brito et al., 2014; Plant et al., 2018). In addition, phenological 

changes from year to year can occur as fluctuations (Martikainen & Kaila, 2004) or directed 

changes (e.g. Ellwood & Diez, 2012). Both are mostly modulated by external factors, like 

changes in temperature and water availability. Thus higher temperatures advance phenologies 

significantly in insect communities e.g. faster development of  larvae (Menzel et al., 2006; 

Rosenzweig et al., 2008), as well as drought has been shown to advance the flight period 

(Forister et al., 2018). Furthermore, not only earlier flight periods, but factors like enhanced 

winter survival rates and an acceleration of  development rates can affect the phenologies of  

insect species (Robinet & Roques, 2010; Sheppard et al., 2015). These trends are not harmful 

for insect populations per se. However, if  these shifts imply shifting away from, for example, a 

food resource or possible mates, phenological changes can highly affect insect populations 

(Dixon, 2003; Memmott et al., 2007; Forkner et al., 2008; Hegland et al., 2009; Altermatt, 

2010). On the other hand, some insects show only little or no response to e.g. increasing 

temperature (Parmesan & Yohe, 2003; Visser, 2008).In fact, insect phenologies show very 

variable and contradictory trends within and among species, and also at different study sites 

(Primack et al., 2009; Hodgson et al., 2011). For instance there are long-term data sets 

indicating an advancement of  the phenologies in insects which exceeds even the advancement 

of  their hostplants (e.g. Gordo & Sanz, 2005) while others suggest a later phenology even with 

rising temperatures (e.g. Ellwood & Diez, 2012). These non-intuitive patterns indicate that 

there are other factors influencing the phenology e.g. a general population decline. 

Furthermore, even when synchronies are being temporarily disrupted, they can likely be 

restored by adaptive genetic processes (Robinet & Roques, 2010). Although these phenological 

changes are still not understood, this thesis only uses the phenology (day of  sampling) as a 

control variable and does not focus on this aspect of  temporal development.

1.1.2 Density changes

Phenology directly influences the recorded density of  species, as a higher density 

(number of  specimens) of  a species can be detected at its yearly maximum or maxima. 

Consequently if  there are mismatches in the phenology between e.g. host and herbivore, it can 

have negative impacts on the herbivores densities (Ellwood & Diez, 2012 and references 

therein). However, there are also other factors regulating species density. Insect density can for 

example be regulated by predators (top-down), e.g. aphids and coccinellids. Frazer & Gilbert 
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(1976) showed that the predation rate of  coccinellids on aphids increased with increasing 

temperatures, which should therefore control the aphid populations even more with ongoing 

climate change (Skirvin et al., 1997). Note that insect herbivores are generally strongly 

controlled top-down (Vidal & Murphy, 2018). Also extreme weather events can reduce insect 

density significantly, simply by killing a high proportion of  the specimens (Koptur et al., 2002; 

Ewald et al., 2015), or enhance the density by favouring certain species after droughts or floods 

(Zhang et al., 2012; Tudoran et al., 2016). Other important weather extremes which increase 

with climate change are droughts (Dale et al., 2001; Trenberth, 2006). Especially when plants 

are planted at locations where the climatic conditions are not suitable it is likely that for 

example water stress leads to increasing densities of  pest species (Rouault et al., 2006; Tudoran 

et al., 2016). Increasing temperatures will further intensify this phenomenon because insects as 

ectothermic organisms are likely to profit from warmer environments and thus develop faster 

with possibilities for shorter and more generations (Faccoli, 2009; Martín-Vertedor et al., 2010; 

Cornelissen, 2011). In this thesis, density changes are not addressed for single species but 

merely as total insect abundances or biomass.

1.1.3 Species richness

Measured species richness depends on space and time. While the space aspect is not the 

focus of  this thesis, the temporal component is often linked to the factors introduced before - 

the phenology (especially in temperate climates) and the density. Species richness is often 

measured as number of  species or its derivatives accounting for abundance (density) or 

differences between the abundances of  species (evenness). Species richness is influenced by 

abiotic factors, such as water availability and elevation, and by biotic factors reaching from 

competition and predation to the influence of  the mesoclimate established by e.g. a forest. 

These factors are also important for the community composition (see 1.1.4). One of  the most 

natural changes in diversity at a specific location occurs during succession. Thus there are states 

of  habitats where diversity is known to be especially high, which are often “mature” habitats 

like forests and ponds (Fairchild et al., 2000; Schmidl, 2003; Müller et al., 2008; Hilmers et al., 

2018). Disturbance, which can also be part of  natural succession is another factor influencing 

species richness in time which alters patterns of  natural succession. Disturbance has a positive 

influence on species richness until a certain threshold (intermediate disturbance) (Grime, 1973; 

Horn, 1975; Connell, 1978). During the last century however, habitat conversion, pollution, 

and climate change have increased disturbance events to a level which is far beyond having 

positive effects on species richness (see below). The development of  species richness in 

consideration of  abiotic and biotic factors is one of  the main study questions in this thesis and 

will be addressed in greater detail in Chapters 1.2,2,3,4,5).

1.1.4 Change of  composition

The temporal development of  communities – a community being an assemblage of  
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species populations co-occurring in space and time (Begon et al., 2005) - can be shaped by 

different processes including changes during the phenology, and changes in density and 

diversity. In general, three basic principles, dispersal constraints, environmental constraints and 

internal dynamics underlie the formation of  communities (Belyea & Lancaster, 1999). This 

means that a species can occur in a community if  it is capable of  reaching a location and it is 

not (completely) excluded by competitors, predators, parasites or by random events (Hanski, 

1998; Begon et al., 2005). Thus, the development of  an assemblage depends e.g. on whether 

the community is founder or dominance controlled (Yodzis, 1986). In order for a species to 

thrive at a location it also needs the resources and climatic conditions necessary to live and 

procreate (Ettema & Wardle, 2002). Consequently, communities change along environmental 

gradients like temperature or between habitats like forests and open lands (Gibbs & Stanton, 

2001; Brito et al., 2014). But also, within habitat changes influence communities. The most 

natural within habitat changes in composition apart from random events occur due to 

succession, as not only diversity (see 1.1.3 ) but also species identities tend to change during 

succession (Horn, 1981; Fairchild et al., 2000; Habel et al., 2019b). Communities can be altered 

or even artificially maintained in less mature states by exploitation (Müller et al., 2008). Natural 

and anthropogenic disturbances can shape not only insect richness but also insect 

communities. Long-term changes in the management or in the environment also influence 

community composition in insects (Habel et al., 2016a). Increasing the knowledge of  changes 

in insect community compositions over ten and more years is one of  the major goals of  this 

thesis (Chapters 2,3,4).

1.2 Current knowledge of  development of  insect communities

More and more studies show a decline in insect communities during the last decades 

(Habel et al., 2019c; Hallmann et al., 2019; Seibold et al., 2019). The global climate is changing 

and humans continue to alter biota and physical properties at an accelerating rate (Steffen et al., 

2007; Rockström et al., 2009a, 2009b; Stocker et al. 2013). Climate change is often blamed for 

changes in insect communities and for cross-taxon, country-wide insect declines (Asher et al., 

2001; Thomas et al., 2004b; Conrad et al., 2006; Wagner, 2020). These studies show that many 

of  the declines began in the 1950s. However, besides the pure climatic changes like increasing 

temperatures and changes in precipitation, other factors like pollution and land conversion co-

occur with climate change. The following section summarizes the current knowledge of  the 

development of  insect communities with regards to different driving forces.

1.2.1 … with changing climate

The first studies on insect responses to climate change mainly focused on climate 

warming and showed range shifts and later community shifts correlating with increasing 

temperatures (Mikkola, 1997; Parmesan et al., 1999; Hill et al., 2002; Devictor et al., 2012). 

Nearly all observed species expanded their limits northwards. Similar range shifts have been 
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recorded along elevational gradients (Stange & Ayres, 2010 and references therein). Due to the 

ectothermic nature of  insects a rise of  temperature leads to a faster metabolism (Gillooly et al., 

2002; Clarke & Fraser, 2004) and thus faster development. This influences and amplifies the 

population dynamics (Bale et al., 2002; Gillooly et al., 2002). Additionally warmer winters can 

reduce winter mortality in populations (Ayres & Lombardero, 2000), but only if  higher 

temperature variance especially in spring does not lead to increasing mortalities because of  

“premature” insect activity (Karl & Trenberth, 2003; Dukes et al., 2009). Furthermore, reduced 

snow cover can reduce survival rates, which in turn leads to insect decline (Harris et al., 2019). 

The direct influence of  rising temperatures on community composition and diversity was 

mainly assessed in mesocosm experiments which did may (Perdomo et al., 2012) or did not 

(Dossena et al., 2012) find changes in diversity but at least in community compositions. 

However in some cases increasing temperatures can have beneficial effects on insect 

communities, as it may compensate for lower amounts of  resources (Müller et al., 2015). This 

is in line with the prediction, that temperature increase per se should affect insect communities 

in temperate regions less than in tropical regions (Deutsch et al., 2008). In addition to the 

direct effects of  temperature on insects there is a multitude of  indirect effects, like changes in 

habitat, food availability or predation, or other between species interactions mediated through 

climate change (Stange & Ayres, 2010 and references therein). Thus, elevated carbon dioxide 

levels may alter plants nutritional values and/or the concentration of  secondary plant 

chemicals, which can have negative effects on insect herbivores and pollinators (Coviella & 

Trumble, 1999; Hunter, 2001; Ziska et al., 2016). Furthermore, climate change increases the 

frequency of  disturbance events (Seidl et al., 2011; Senf  & Seidl, 2020), which can have 

positive impacts on species richness (Bouget & Duelli, 2004) and may create patches of  

different habitats in the landscape supporting a greater gamma diversity (Schall et al., 2017). 

Note that in general certain species profit from disturbance while others do not (see 1.2.3), as 

shown for forest insects in case of  drought (Rouault et al., 2006).

1.2.2 … with other factors

Nitrogen deposition accelerated during the last century and will probably continue to 

increase (Galloway et al., 2004). This can also have negative effects on insect populations, e.g. 

increased nitrogen content in plants can increase mortality of  certain Lepidoptera species 

(Kurze et al., 2018). Furthermore, it can have indirect effects through species loss in vegetation 

communities or nitrogen deposition in water bodies (Holden et al., 2007; De Schrijver et al., 

2011; Habel et al., 2016b). Another anthropogenic factor driving insect decline is 

intensification. Especially land use intensification in the agricultural context is known to lead to 

insect decline and homogenization (Sala et al., 2000; Allan et al., 2014; Gossner et al., 2016). 

These negative effects also extend to adjacent protected areas (Hallmann et al., 2017). 

However, also intensive management in forests leads to reduced diversity and altered 

community composition (Müller et al., 2008). In water bodies a higher fish biomass due to 
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intensive stocking density reduces insect diversity significantly (Fairchild et al., 2000). The most 

drastic form of  intensification is conversion of  land to another type of  land (land use change), 

which has negative effects on insect communities (2018; Kremen & Merenlender, 2018; Habel 

et al., 2019c). Land use change in Europe is especially common in agricultural systems, but in a 

way happens also in forest. The conversion of  deciduous forests to coniferous or mixed forests 

with high proportions of  planted spruce trees has negative impacts on wood-dependent 

species adapted to deciduous trees (Goner 2004). In addition to changes of  the management 

of  a site, “land loss” via urbanization and light pollution is another cause for diversity decline 

in insects (Knop et al., 2017; Van Langevelde et al., 2018; Sánchez-Bayo & Wyckhuys, 2019). 

Finally, another factor which is linked to the intensification is the use of  pesticides and 

insecticides. Insecticides are directly linked to the decline of  species richness (Fairchild & Eidt, 

1993; Hallmann et al., 2017), and thus also seriously threaten pollinators and the respective 

ecosystem services they perform (Goulson et al., 2015).

1.2.3 … according to their taxonomic group and their traits 

Not all insect species are threatened equally. Thus, trends are dependent on the 

taxonomic group and may additionally depend on the habitat type under study (De Schrijver et 

al., 2011; Stefanescu et al., 2011a). Open habitat species tend to be more threatened in Europe 

due to a higher degree of  intensification with more insecticide usage (Reif  et al., 2008). Forest 

species, on the other hand tend to be less endangered, because forest management did not 

change drastically over the last decades in central Europe (Hunter et al., 2014; Juslén et al., 

2016a; Potocký et al., 2018 but see Seibold et al. 2019). At some individual locations species 

richness even increased in forests during the last decades (Thomsen et al., 2015; Ubach et al., 

2020 but see Seibold et al., 2019), possibly because of  the stable and homogeneous habitat 

most forests offer nowadays in Central Europe (Schall et al., 2017). Interestingly also fresh-

water habitats are found to have stable or even increasing diversity trends in insect 

communities (Pilotto et al., 2020). Though decline (and increase) might not affect all taxa in the 

same way comparison between taxa are difficult because there is a bias in study numbers 

towards Lepidoptera and Apidae (Wagner, 2020). Beside the taxon there are certain traits which 

are associated with decline. Thus, large body or wing-size is associated with a higher threat and 

greater decline (Seibold et al., 2015b; Coulthard et al., 2019). Furthermore, cold adapted 

species suffer more from climate change (Haase et al., 2019), and habitat and dietary specialists 

as well as IUCN red listed species are in greater danger (Potts et al., 2010; Habel et al., 2016b; 

Wagner, 2020). In contrast, common and wide-spread species seem to be affected at least (Fox 

et al., 2014).

Recent reports in the media showed quite alarmistic trends of  around 75% insect decline 

based especially on a study of  insect biomass in Germany (Hallmann et al., 2017) and an 

alarmistic review by (Sánchez-Bayo & Wyckhuys, 2019). The latter was criticized in the 

scientific community for exaggerating the actually provable trends (e.g. Komonen et al., 2019). 



General introduction 

13

A global meta-analysis on insect decline revealed a 45% decline of  insect abundance 

(Coleoptera, Lepidoptera, Hymenoptera) (Dirzo et al., 2014). Similar decline rates were shown 

for Sweden, the UK and Germany (Conrad et al., 2006; Franzén et al., 2007; Habel et al., 

2019c). However, considering recent findings these trends might be overestimated, at least for 

certain taxonomic groups in certain habitats. Bell & Shortall (2020) showed a decline of  moths 

by 35 percent between 1969 and 2016 in the UK while there was no significant trend in 

aphids.  Furthermore, the negative trend of  moths depended on the habitat, as moths only 

declined significantly in woodland, moorland, urban and costal habitats, but not in scrubland, 

parkland and farmland. Macgregor et al. (2019) recently showed that moth biomass increased 

and decreased over 50 years in the UK, with  a 2-fold net gain in the last decades. Freshwater 

diversity also increased by 8.5 and 39 percent, respectively, in two European studies (Haase et 

al., 2019; Baranov et al., 2020). An also recent meta-analysis, which affirms these trends 

indicates a 9 percent decline per decade in terrestrial and an 11 percent increase in fresh-water 

insects (Pilotto et al., 2020; Van Klink et al., 2020).

1.3 Knowledge gaps

Though now there is a multitude of  studies on temporal development of  insect and their 

decline, it is a phenomenon which is, with some exceptions, poorly understood (Didham et al., 

2020; Wagner, 2020). Until recently development of  insect communities was still often assessed 

using chrono-sequences instead of  “real” time series (Palik et al., 2001; Marchetti et al., 2010; 

Miguel-Chinchilla et al., 2014). Furthermore, a lot of  time series are either restricted in their 

temporal or spatial extent (or both) (Habel et al., 2016b; Seibold et al., 2019). In addition, the 

recently published meta analyses on insect decline lack proper information on certain taxa in 

certain habitats (Pilotto et al., 2020; Van Klink et al., 2020), which makes some of  the 

conclusions doubtful. For instance, fresh-water insects seem to have increased during the last 

decades in central Europe (Haase et al., 2019; Baranov et al., 2020). However, these long-term 

datasets mostly represent data from streams and coastal waters and are mainly restricted to 

northern Europe (Pilotto et al., 2020; Van Klink et al., 2020). Furthermore, especially small 

water bodies are rarely investigated (Biggs et al., 2017) and some taxa like beetles are 

underrepresented in these data (Vogel, 2017). On the other hand, taxa like moths are well 

studied, but the observed time series are quite restricted to northern countries, open habitats, 

or only few forest locations (Bell & Shortall, 2020; Wagner, 2020). Furthermore long-term 

studies on forests mostly concentrate on species considered pest-species and not general forest 

insect communities (Klapwijk et al., 2013; Pureswaran et al., 2018). Last but not least, with all 

surveys aiming to quantify or explain insect decline, less effort is put in analysing the effect of  

conservation measures on insect communities (Lindenmayer et al., 2013). This is not true for 

all habitat types, as for instance in agricultural landscapes there is considerable research on 

flowering strips (Boetzl et al., 2019; Krimmer et al., 2019) but in forested habitats there is only 

few studies considering a time span of  at least 10 years (Heikkala et al., 2016a). This, however, 
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would be of  crucial importance to gain knowledge how to counteract the declines, however 

huge they may be.

1.4 Objectives of  the study

Based on the knowledge gaps, this work concentrates on three aspects of  temporal 

development of  insect communities (one chapter features an additional analysis on wood-

dwelling fungi). The objectives of  this study were to contribute to the closure of  the above-

mentioned knowledge gaps based on three case studies with the following focus:

(1) Do the increasing trends in species richness and abundance found in freshwater 

insects also apply to water beetles living in small to middle-sized water bodies in southern 

Germany?

(2) Can the general assumption, that forest dwelling species are less declining than 

species in open lands be affirmed by analysing development of  moth diversity in Bavarian 

forests?

(3) How effective is a conservation strategy aiming at dead-wood dependent organisms 

for saproxylic beetles and wood dwelling fungi?

1.5 Data sets and methods (study designs)

1.5.1 Study area(s)

All fieldwork was conducted in the federal state of  Bavaria, Southern Germany (Fig. 1.1). 

Bavaria is a suitable study area in order to address temporal development of  insect 

communities in Central Europe. It features a lot of  different habitats and provides the 

Fig. 1.1: Study areas within Europe (bottom right) and the federal state of  Bavaria, Germany (center). Detailed 
maps of  the location of  the 33 sampled water bodies (top left), the two core areas of  moth sampling (top right) 
and the 69 plots on which saproxylic organisms were sampled in beech forest (bottom left). Blue dots represent 
the water bodies sampled for Chapter 2, the green triangles the plots sampled for Chapter 3, an the brown squares 
the plots sampled for Chapter 4.
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possibility to study patterns along extend elevational gradients. Chapter 2 investigates water-

beetle diversity (see 1.5.2) in 33 small to mid-size water bodies, which were sampled over three 

decades (2-3 years per decade) from the 1990s to the 2010s. Chapter 3 features 531 forest plots 

in whole Bavaria which were sampled in 41 years spanning 1978 to 2018 and along an 

elevational gradient of  1500 m asl. Additionally, two core areas in northern Bavaria were 

constantly sampled between 1979 and 2018 with 283 plot-dates in a coppice with standards 

forest and 118 plot-dates in an oak high forest, respectively. Last but not least for Chapter 3, 69 

beech forest plots belonging to three categories of  management intensities (intensively 

managed, moderately managed, and forest reserves) were sampled in north-western Bavaria in 

2004 and 2014. All plots were in European beech (Fagus sylvatica) forests. 

1.5.2 Study systems

In the studied “pond-scape” (Chapter 2) I concentrated on small to mid-sized water 

beetles belonging to three different families (Dytiscidae, Haliplidae, Noteridae). The 

management of  the water bodies did not change substantially during the time, hence it could 

be ruled out as possible driver of  changes in the communities. Chapter 3 features plots in all 

common forest types of  Central Europe and is therefore also representative for the latter. In 

addition to overall macro-moth community development I analysed the three most abundant 

families (Geometridae, Noctuidae, Erebidae) separately, in order to check for consistency of  

patterns across the Lepidoptera taxonomy. In Chapter 4 the three management types refer to a 

former management, which shaped saproxylic organism communities before the 

implementation of  a landscape-wide integrative management concept in the managed parts of  

the forest. The forest reserves could thus serve as a control for the before-after comparison of  

the managed plots (BACI). In this I focused on distinct functional groups rather than on 

certain families. In Chapter 2, 3 and 4 I also analysed the data regarding different traits. Thus, 

in Chapter 2 I analysed if  the global patterns differ for species belonging to raw-soil, mature 

pond or moor associations, respectively. In Chapter 3, I analysed if  lighter moths differ from 

the trends in darker moths, and if  dietary specialists differ from generalists. In Chapter 4 I 

tested if  saproxylic organisms specialized on fresh dead wood, old dead wood and wood fungi 

differ in their patterns and in their response to the conservation strategy.
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Chapter 2: Long-term monitoring reveals decreasing water 
beetle diversity, loss of  specialists and community shifts over the 
past 28 years 

This Chapter is published as: Roth, N., Zoder, S., Zaman, A. A., Thorn, S., & Schmidl, J. 

(2020). Long-term monitoring reveals decreasing water beetle diversity, loss of  specialists and 

community shifts over the past 28 years. Insect Conservation and Diversity, 13(2), 140-150.

2.1 Summary 

Lentic freshwater organisms are influenced by a multitude of  factors, including 

geomorphology, hydrology, anthropogenic impacts and climate change. Organisms that depend 

on patchy resources such as water beetles may also be sensitive to anthropogenic habitat 

degradation, like pollution, eutrophication, water level or management alteration. To assess 

composition and ecological trends in the water beetle communities of  Central Europe, we 

sampled water beetles (Dytiscidae, Haliplidae, Noteridae) in 33 water bodies in Southern 

Germany from 1991 to 2018. We used manual, time-standardized capture during three periods: 

between 1991 and 1995, 2007 and 2008, and 2017 and 2018. During the 28-year survey period, 

we captured a total of  81 species. We found annual declines in both species number (ca -1%) 

and abundance (ca -2%). Also, community composition showed significant changes over time. 

The significant impact of  pH on the community composition suggests that the recorded 

changes through time partly reflects natural succession processes. However, a pronounced 

decline of  beetle species belonging to the moor related beetle associations indicated that 

Central European water beetles are also threatened by non-successional factors, including 

desiccation, increased nitrogen input and/or mineralization, and the loss of  specific habitats. 

This trend to physiographical “homogenization” resulted in corresponding community 

composition shifts. To effectively protect endangered species, conservation strategies need to 

be aimed at regularly creating new water bodies with mineralic bottom substratum, and 

maintenance of  moor water bodies that represent late successional stages. 

2.2 Introduction

Species declines accompanying climate change have been recorded for many taxa 

including insects, and in many regions and their respective habitat types (Thomas et al., 2004b; 

Barnosky et al., 2011; Sánchez-Bayo & Wyckhuys, 2019). A recent study in Central Europe 

reported large declines in terrestrial insect biomass in protected areas embedded in agricultural 

landscapes, presumably due to increasing land-use intensification (Hallmann et al., 2017). This 

biomass-related study highlights the overall trend, but the interpretation (politically and 
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practically) is controversial in terms of  the mechanistic causes of  decline, as the specific 

biology and population trend of  most of  the affected species is not taken into account in such 

large-scale studies. Also specific species declines in insects have been shown for different target 

taxa and habitats (e.g. Seibold et al. 2019), and species extinctions are often reported  to be 

non-random, reflecting trait-mediated selective processes (Cardillo et al., 2005; Seibold et al., 

2015b; Habel et al., 2016b). However, major freshwater groups like water beetles received little 

attention and analyses so far. 

Lentic inland water bodies form discrete habitat patches in landscapes (Pope et al., 2000; 

Hof  et al., 2008) and are influenced by factors that include geomorphology (e.g., sinks, 

pondages, barriers), hydrology (e.g., water inflow and runoff, drainage, inundation, 

precipitation, evaporation), succession, sedimentation, and anthropogenic impacts (e.g., 

utilization, pollution, water management, fishery, recreation). The main drivers of  their 

physicochemical features are the chemistry of  the subsoil (Molinari et al., 2012), evaporation 

(Townsend, 2002) and the “collective nature” of  a water body resulting from the surface flume 

of  its catchment area (Sioli, 1975). Organisms dwelling and breeding in lentic inland water 

bodies are inescapably subject to their physicochemical and structural characteristics (Hansch 

& Fujita, 1963; Rohr & Crumrine, 2005). Consequently, anthropogenic influences  (Fairchild & 

Eidt, 1993; Dudgeon et al., 2006; Perrett et al., 2006; Mcmahon et al., 2012) and/or climate 

change (Stocker et al., 2013; Richman et al., 2015), threatening these lentic water bodies, can 

lead to species losses at rates comparable to those in tropical forests (Ricciardi & Rasmussen, 

1999). Moreover, different species may differ in their response to habitat change. For example, 

moor specialists may be negatively affected by high nitrogen levels (Smith et al., 1999; Galloway 

et al., 2004; Holden et al., 2007), while, in general, species dwelling in small water bodies are 

relatively insensitive to compounds that contribute to eutrophication (Rosset et al., 2014).

The identification of  true declines in arthropods requires standardized long-term data 

(Jeffries, 2011; Ewald et al., 2015; Habel et al., 2016b). Yet, in most studies on lentic water 

bodies either the survey was conducted for only a few years (Jeffries, 1994; Chase, 2007; 

Florencio et al., 2009; Ripley & Simovich, 2009 but see, e.g., Ovaskainen, 2019), or a space-for-

time substitution approach was used across chronosequences of  successional stages (Palik et 

al., 2001; Marchetti et al., 2010; Sferra et al., 2017). Accurate estimates of  the biodiversity in 

various water bodies must take into account not only temporal but also spatial scales (Cayrou & 

Céréghino, 2005). Small lentic water bodies constitute a mosaic of  different conditions at a 

regional scale (Rosset et al., 2014). In these “pond-scapes”, a high gamma diversity is achieved 

as a result of  a high beta diversity among ponds (Davies et al., 2008). Accordingly, by obtaining 

samples from different types of  small lentic water bodies at a regional scale, both the diversity 

and the trends of  their water-dwelling organisms can be assessed. 

Water beetles form a diverse invertebrate group (Jäch & Balke, 2008) and their ecology, 

especially that of  the family Dytiscidae, has been well-studied (Wesenberg-Lund, 1943; 
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Galewski, 1971; Yee, 2014; Miller & Bergsten, 2016). In freshwater ecosystems water beetles 

have been used as indicators of  biodiversity and ecosystem health (Bilton et al., 2006; but see 

Rosset et al., 2014). Among the factors that influence water beetle diversity are latitude, 

elevation, subsoil, and beetle life history (Flechtner, 1983; Vamosi et al., 2007; Abellán et al., 

2012), temperature, pH, and conductivity (Heino, 2000; Schmidl, 2003; Gutiérrez-Estrada & 

Bilton, 2010) as well as fish density and the species composition of  water plants (Fairchild et 

al., 2000; Gioria et al., 2010).

To determine whether there was a change in diversity and change of  composition of  

water beetle communities we used the water beetle association concept of  Schmidl (2003), 

which relates species assemblages to successional stages of  vegetational and physiographical 

development of  water bodies. We carried out time-standardized, repeated surveys of  water 

beetle communities (Dytiscidae, Haliplidae and Noteridae) in water bodies of  different habitat 

types and successional status, within one region and over 28 years (1991-2018). These surveys 

covered the whole range of  available natural or near-to-nature water bodies in the study area, 

comprising early successional water bodies with no or little vegetation and mineralic 

substratum (the corresponding term for the typical water beetle association in these water 

bodies is “mineralic substratum association”), pools and ponds in open landscape rich in 

vegetation and with a substratum made of  sludge and coarse detritus (“detritus association”), 

and mature old fen and moor water bodies (“moor association”) with a soil substratum made 

of  dense and thick layers of  vegetation and detritus which chemically separates the water body 

from the subsoil. To disentangle the effects of  this natural succession pathway, climate change 

and land-use intensification, we analysed physical and chemical parameters in parallel with our 

water beetle monitoring. 

We predicted that (1) water beetles species of  the “mineralic substratum association” 

would disappear nearly completely from the sampled water bodies because of  the natural 

succession of  vegetation and accumulation of  detritus over the 28 years of  the study; (2) moor 

dwelling species (“moor association”) would also be negatively affected, due to increased 

eutrophication which shifts community composition towards detritus related species 

associations (“detritus association”); thus (3), these species associations typical for detritus-rich 

waterbodies would be the least affected. 

2.3 Material and methods 

2.3.1 Study sites

From 1991 to 2018, 33 lentic water bodies were monitored over a spatial extent of  ~120 

km2 in southern Germany (Figure S2.1). The mean annual temperature in the study region is 

11–13°C, with an annual rainfall of  600–960 mm (Dietmar et al., 2007) (See Figure S2.2 for 

annual mean temperatures and rainfall in the study area from 1991 to 2018). The investigated 

water bodies ranged from very small and partially ephemeral pools (6 m²) to mid-size ponds (1 
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ha). Fifteen water bodies were in open land, 15 in forests, and three were old sand pit water 

bodies. Eight of  the 33 water bodies were extensively managed carp ponds. 

Initially, in 1991 the 33 water bodies could be assigned to the following different 

successional stages and categories of  habitat types (see above): four mineralic substratum water 

bodies, 14 moor and fen water bodies in forests, and 11 ponds in open landscape (eight carp 

ponds and three unmanaged ponds), with four water bodies being in a transitional stage 

between mineralic and detritus-accumulated substratum. The sites were sampled in 1991, 1993 

and 1995, in 2007 and 2008, and in 2017 and 2018. In the 1990s, 12 of  the 33 water bodies 

were resampled between one and five times, yielding 75 survey events. In the 2000s, 16 of  the 

33 sites were resampled once each, for a total of  49 data sets. During the last survey decade, 

seven of  the 33 water bodies were either desiccated or no longer existed (four moor and fen 

water bodies, two ponds, and one mineralic substratum pool). Thus, only 26 sites could be 

resampled in 2017 and 2018. In this decade, three ponds were resampled once each, resulting 

Table 2.1: Number of  surveys per water body and year in 29 additional data sets. In total, 153 

surveys were conducted from 1991 to 

2018 (see Table 2.1). 

2.3.2 Beetle sampling and 
classification

Water beetles were collected using 

a time-standardized direct search, and 

always either collected or supervised by 

JS. Each water body was sampled by 

hand for 90 min, using a colander (25 

cm diameter and 0.7 mm mesh size) in 

water containing dense vegetation, and 

a net (20 cm diameter, 1.0 mm mesh 

size) in open water bodies. All captured 

beetle specimens were collected. 

Collecting was done during the day, 

between 12:00 and 18:00, but not on 

rainy days. This ensured comparable 

data, with respect to the water 

parameters (see below). Only water 

beetles belonging to the Hydradephaga 

were considered, but Gyrinidae 

(whirligig beetles) were excluded as 

these require different collecting 

methods. Specimens from the 



20

Temporal development of  communities

hydradephagan families Dyticidae (excluding the genera Dytiscus and Cybister), Haliplidae, and 

Noteridae were determined to species level by JS. Nomenclature follows the catalogue of  

Nilsson & Hájek (2019). The water beetle association concept of  Schmidl (2003) was used to 

classify species and associations ecologically, with respect to the physiographical status and 

successional gradient of  water body and vegetation development, respectively. 

This concept recognizes three main associations and eight sub-associations along the 

successional and pH-related gradient: Species of  the “mineralic substratum association” (A-

category) are found in new or disturbed water bodies devoid of  detritus and vascular plants on 

the mineralic ground; therein, species within the “mineralophilous sub-association” (A1) 

require water bodies with an argillaceous, hardness-component-rich substrate, and those within 

the “psammophilous sub-association” (A2) water bodies with a sandy, hardness-component-

poor substrate. With further succession of  the vegetation, water beetle communities develop 

towards “detritus associations” (B-category), which occur in higher-successional-level water 

bodies in open landscape that are characterized by sludge and/or coarse detritus accumulation 

and decreasing pH values. The accrual of  species of  the “argillophilous sub-association” (B1) 

results in a transitional species community that is followed by a community of  species of  the 

“limnophilous sub-association” (B2). The latter species are typically found in mature meso- and 

eutrophic ponds and pools containing extensive vascular plant vegetation and organic detritus, 

thus shielding the water body from the mineralic subsoil. Species of  the “acidophilic sub-

association” (B3) are found in water bodies affected by siltation, fens and low moors with 

strong accumulations of  detritus, and sub-dystrophic water caused by dissolved humus. The 

“marshland forest association” (B2/C1) is a transition between limnophilous detritus 

association B2 and acidic, oligo- to mesotrophic, shady forest water bodies of  “umbrophilic 

moor associations” C1. “Moor associations” (C-category) may either be umbrophilic 

(“umbrophilic sub-association” C1), with species occurring mostly in small shady forest pools 

with a litter layer and a few algae, or sphagnophilic (“sphagnophilic sub-association” C2), 

comprising tyrphophilic or tyrphobiontic species that colonize peat bogs with significant 

Sphagnum spp. cover (over raised bog formations) and a low pH (see Table S2.1 for species 

list). 

2.3.3 Water bodies and water parameters

The physical and chemical parameters of  the water bodies were determined at each 

survey date. The maximum depth at 1 m from the edge and the elevation of  the water body 

was recorded, and pH and temperature (°C) were measured using the pH 320 pH-meter fitted 

with a SenTix 41 pH-sensor (both from WTW, Weilheim). A WTW Oxi-Meter Oxi 320 and 

CellOx 325 electrode (both from WTW, Weilheim) were used to measure oxygen saturation 

(%). Furthermore, nitrite (mg/l) and chloride (mg/l) were determined using a PF 10 filter-

photometer (Macherey-Nagel, Düren), and the conductivity (μS) using a LF 91 conductivity 

meter with a KLE1/T conductivity sensor (both from Macherey-Nagel, Düren). Total 
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hardness (dH°) and carbonate hardness (dH°) were determined by titration. The water used in 

the chemical analyses was taken 1 m from the water’s edge at a depth of  10–50 cm depending 

on the total depth of  the water. Spearman correlation between the measured parameters were 

calculated using the “cor” function within the ‘stats’ package in R (R Core Team, 2018).

2.3.4 Statistical methods

Changes in water beetle communities through time were quantified using four measures: 

species richness, abundance, relative richness and community composition. Species richness 

and abundance of  each association was calculated per survey in order to include association as 

an explanatory variable in the models.

Hierarchical generalized additive models (HGAM) sensu Pedersen et al., (2019) were 

used to model species richness and abundance. Relative richness was also modelled with 

species richness as dependent variable while abundance was included as explanatory variable. 

These models are extensions of  the standard generalized additive model (GAM) framework 

(Hastie & Tibshirani, 1990) and allow smooth functional relationships between predictor and 

response to vary between groups (Pedersen et al., 2019). These are implemented in the ‘mgcv’ 

package (Wood, 2017) in R (version 3.5.2) (R Core Team, 2018) which was used for all 

statistical analyses. The year was modeled in an overall smoother and in an additional smooth 

term, which specified the group-level smooth terms in a factor-smooth interaction, in order to 

show group-specific deviations from the global function (see Supporting Information S2.3 for 

model formula). Elevation of  the water bodies, water temperature, oxygen saturation, total 

hardness, carbonate hardness, nitrite concentration, chloride concentration, ph and 

conductivity as well as water depth and the day of  the year (1-365 further referred to as 

“season”) were included in the model as global smooth terms. Latitude and longitude were 

wrapped in the same smooth term (see Supporting Information S2.3). All the continuous 

variables used thin plate splines as basis function within the smoothers except for the season 

where cubic cycle splines were used as basis function. The initial waterbody type and the survey 

ID were wrapped in smoothers as discrete random effects. The survey-level random effect 

accounts for frequently observed overdispersion in models of  count data (Harrison, 2014). 

Furthermore, it accounted for the fact that sampling intensity differed between the decades. A 

Tweedie error distribution with a log-link function was used which is appropriate for data with 

a non-zero probability of  zero observations (Gilchrist & Drinkwater, 2000). Restricted 

maximum likelihood (REML) was used as the smoothing parameter estimation method. 

Finally, variable selection was performed with the ‘gam’ internal argument ‘select = T’.

Canonical Correspondence Analysis (CCA) was used in order to analyse if  the patterns 

found via the HGAMs translate into community composition shifts, while also controlling for 

explanatory variables using the ‘cca’ function within the ‘vegan’ package (Oksanen et al., 2018). 

Communities were computed at the survey level, temperature, oxygen saturation, conductivity, 

total and carbonate hardness, chloride and nitrite concentration, ph and temperature as well as 
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the year were used as environmental variables. Variable selection was performed with a 

stepwise model selection using the ‘ordistep’ function. 

2.4 Results

In total, 19,232 specimens (average 126 per sample, range 4–487) were recorded, 

belonging to 81 different water beetle species (average 11 per sample, range 2–25) in all water 

bodies sampled since 1991 (see Table S2.2 for species list and abundance per survey year). 

Surveyed water bodies ranged from a minimum pH of  3.9, which is near the lower end of  the 

pH range of  natural water bodies (e.g. in raised bogs), and a maximum pH of  10.1, which is 

close to the upper end of  the pH gradient of  natural water bodies. pH and conductivity were 

positively correlated (Spearman rho = 0.56) in “real-time” comparison (Table S3).

2.4.1 Abundance and richness

The total abundance as well as the species richness of  the water beetles per survey 

decreased by approximately 2% and ca 1%, respectively (Fig 2.1 & 2.2 a-c). Thus, mean 

abundance and species richness per survey decreased from 151 to 74 individuals (Fig. 2.1a), 

and from 13 to 7 species (Fig. 2.1b), respectively. Furthermore, abundance increased with 

increasing nitrite and total hardness and decreased with increasing temperature, pH, 

conductivity and depth (Table 2.2 & Figure S2.3). Species richness decreased with increasing 

elevation and conductivity (Table 2.2 & Figure S2.4). Relative richness decreased yearly and 

increased slightly with increasing depth of  the waterbodies. It was also significantly influenced 

by the elevation (Table 2.2 & Figure S2.5). Survey ID had a significant effect on abundance, 

species richness and relative richness. The initial water body type had a significant effect on 

abundance and species richness. 

Fig. 2.1: Boxplots of  water beetle abundance (a) and species richness (b) per survey and decade. Light grey 
rhombs indicate means.
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2.4.2 Associations

Overall, we recorded five species belonging to mineralic substratum associations (A1/

A2), 47 species belonging to detritus association (B1, B2, B3) and the transitional marshland 

forest association (B2/C1), and 16 species belonging to the moor association (C1/C2). The 

association - year interaction was significant for all three dependent variables and showed high 

effect sizes (Table 2.2). The group specific deviation from the overall temporal trend was most 

pronounced in mineralophilous and psammophilous water beetle associations (mineralic 

substratum sub-associations A1/A2) which indicates that the species belonging to these 

associations showed the greatest declines over time (Fig. 2.2 d-f). The species belonging to the 

umbrophilous and sphagnophilous species (moor sub-associations C1/C2) also deviated 

negatively from the overall trend, although the deviation was less pronounced than for the 

mineralic substratum associations (Fig 2.2 c-f). The trend for the species belonging to the 

“ecological mid-position” associations (detritus associations B1, B2, B3, and marshland forest 

association B2/C1) deviated positively from the overall temporal trend (Fig. 2.2 c-f). This 

means that species belonging to “detritus” sub-associations did not decrease, but show rather 

stable trends, in contrast to mineralic substratum and moor association related species. The 

deviation patterns from the overall trend were similar for abundance, species richness and 

relative richness.

Fig. 2.2: Effect sizes of  the year as global function and association specific deviations from the main trend for 
abundance (a,d), species richness (b,e) andrelative richness (c,f). The A-categories are mineralic substratum 
associations, the B-categories detritus associations and the C-categories moor associations. 
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2.4.3 Community Composition

The stepwise model selection for the CCA showed that all included parameters had a 

significant influence (Table S6). Thus, all of  them were kept in the CCA. CA inertia was 11.55, 

CCA constrained 2.18 (19%). CCA axes 1-4 cumulatively explained 73% (30.3, 50.5, 62.6, and 

Table 2.2: Summaries of  hierarchical generalized additive models for the dependent variables abundance, species 
richness and species richness corrected for abundance (relative richness). Dashes indicate variables, which did not 
contribute to the according models and were thus excluded. NAs indicate variables which were not included in the 
according model from the start.

73.0) of  the total constrained variation 

(Table S4 & S5 for further details). The 

main gradient were defined by nitrite, pH 

and carbonate hardness (Fig. 2.3). 

Conductivity, chloride and total hardness 

gradients values are rising co-linear with 

pH and carbonate hardness. High values 

of  nitrite are found mainly in young 

water bodies with mineralic substratum. 

Year (time) is another quite independent 

gradient in the community composition, 

with rising temperature being the most 

closely correlated parameter. 
Fig. 2.3: CCA ordination with main gradients highlighted in 
orange.
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2.5 Discussion

Within the total temporal range of  our observation of  28 years, nearly 50% of  all species 

belonging to the three water beetle families Dytiscidae, Haliplidae, and Noteridae recorded in 

Germany (Spitzenberg et al., 2016) were sampled. As the temperature had no significant effect 

on abundance and richness in our calculations, effects attributable to climate change may have 

been mediated by the observed decrease in water depth and by resulting increases in 

conductivity and total water hardness by concentration effects. Note that especially abundance 

was significantly influenced by these parameters. The negative effect of  rising maximum depth 

(measured 1 m from the water’s edge) on abundance can also be explained by the steep slopes 

at the banks of  the surveyed water bodies (esp. ponds) with larger depths, resulting in fewer 

habitat structures and water plants, both of  which provide breeding sites for water beetles 

(Nilsson et al., 1994; Fairchild et al., 2003). The decrease in richness with increasing elevation is 

in line with previous findings (Vamosi et al., 2007), although the maximal elevation difference 

in our study area was only ~100 m a.s.l..

2.5.1 Effects of  pH and conductivity on water beetle abundance and richness 

We found more specimens in water bodies with lower pH, which is in line with previous 

studies (Nilsson & Soderberg, 1996; Batzer et al., 2004 but see Arnott et al., 2006). However, 

although our samples covered nearly the entire gradient of  the naturally occurring pH range, 

we could not detect a clear threshold at which this trend decreased or changed (Figure S2.3). In 

near-to-nature lentic water bodies, pH is mainly influenced by the geological substratum and 

the amount of  plants and detritus (succession). Under natural conditions, a lower pH correlates 

with increases in the amounts of  plant matter and humus (Vuorenmaa et al., 2006) and 

increasing isolation of  the water body from geological underground (Schmidl, 2003, but see 

Carvalho, Thomaz, & Bini, 2005 for laboratory conditions and Yee & Juliano, 2007 for 

rotholes). Detritus accumulation in turn enlarges the structural diversity of  a habitat and 

therefore water beetle abundance (Schmidl 2003). 

We found a positive correlation of  pH and conductivity (Table S2.3), and at the same 

time decreasing abundances and species richness with increasing conductivity (Supporting 

Information S2.3). This is in line with the above outlined, corresponding effects of  detritus on 

pH, but is in contrast to the observations of  some studies in which rising conductivity was 

shown to have a positive effect on species richness (Eyre et al., 1990; Heino, 2000; Bilton et al., 

2006), at least up to a threshold of  around 600 µS (Gutiérrez-Estrada & Bilton, 2010). Our 

results suggest that water bodies with lower abundances of  water beetles and fewer species had 

conductivity levels exceeding this 600 µS threshold, however, there was no such clear threshold 

in our data set. Increasing levels of  conductivity are often a result of  a concentration effect 

(Townsend, 2002) arising from increased evaporation or a deficient water supply. Our finding 

of  decreasing water levels comply with this, and may have led to water bodies that negatively 
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influenced abundances and species numbers (Blasius & Merritt, 2002).

2.5.2 Effects of  time on water beetle abundance and richness

For all of  the surveyed water types, time (year) had a significant negative effect on 

abundance, species richness, and relative richness. A negative effect over time has been 

previously reported but variably interpreted. According to Nilsson (1984), succession in lentic 

water bodies is accompanied by a decline in species numbers, whereas Fairchild (2000) 

demonstrated higher diversities in older water bodies and other studies reported no change in 

species richness or abundance during succession (Spieles et al., 2006; Miguel-Chinchilla et al., 

2014). Thus, while the reductions in abundance and diversity can in part be attributed to 

natural succession (see below), they cannot be clearly separated from time-related effects, such 

as trophic or structural disturbances or chemical disturbances such as insecticides (Fairchild & 

Eidt, 1993; Fairchild et al., 2000; Wood et al., 2003; Death & Zimmermann, 2005; Rohr & 

Crumrine, 2005). As habitat availability in lentic water bodies tends to influence beetle species 

richness positively (Dehling et al., 2010), the observed losses might also have resulted from 

habitat loss at the landscape level or by in situ losses of  structural and vegetational diversity. 

Alternatively, the frequency of  drought events may have increased as a consequence of  climate 

change, as noted above. Drought has been shown to affect water beetles negatively by reducing 

the number and type of  their habitats (Kholin & Nilsson, 1998). In fact, an attempt to start a 

similar monitoring program in moor water bodies in 2015 and subsequent years in the same 

study area failed, because nearly all water bodies were dried up in summer.

2.5.3 Association specific deviations from overall temporal trend

Over the 28 years of  this study, the observed association range narrowed, with the 

opposing changes at both ends of  the successional gradient shown in the year – association 

interaction (Fig. 2.2). Species belonging to the mineralic substratum associations (A1, A2) 

vanished naturally during progressive succession (Schmidl, 2003). At the other end of  the 

successional gradient instead, species losses and decreases in total abundances occurred that 

could not be attributed to natural succession. Water bodies initially suitable for moor 

association species (C1, C2) gradually lost their specific habitat quality for the respective species 

sets. This might have been due to increases in air-borne nitrogen inputs (De Schrijver et al., 

2011) or to the transient complete desiccation of  these water bodies, accompanied by 

remineralization effects and “reverse” vegetational alterations (Limpens et al., 2011). Although 

eutrophication may not necessarily pose a major threat to water beetle diversity in small water 

bodies (Rosset et al., 2014), special habitats such as nutrient-poor moors and fens and their 

faunas suffer generally from eutrophication (Holden et al., 2007). 

Declines both in mineralic substrate and moor associations led to a “bidirectional” 

homogenization (Fig. 2.2 & Fig 2.3) of  communities towards “detritus” associations. This is in 

line with the general findings in insects of  a loss of  habitat specialists and the homogenization 
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of  insect communities in land habitats (Augenstein et al., 2012; Gossner et al., 2016). Both 

should be carefully considered in conservation strategies in which the creation and 

maintenance of  water habitats are important issues and a practical tool for nature conservation 

(Davies et al., 2008; Brainwood & Burgin, 2009; Thiere et al., 2009; Gioria et al., 2010). Based 

on our results, conservation efforts should routinely include the creation of  new water bodies 

with mineralic bottom substratum. In addition, moor water bodies should be actively 

promoted in suitable areas and soils and existing moor water bodies maintained. Restoration of  

moor and fen water bodies requires a long period of  development until they become suitable 

for the typical species sets (Wiecek et al., 2013). Also, the presence of  an appropriate source 

habitat is crucial for successful recolonization (Van Duinen et al., 2003). Accordingly, the 

conservation of  water bodies and their fauna should be organized at a landscape scale to take 

also organisms into account which are poor dispersers (Kehl & Dettner, 2007; Lønsmann 

Iversen et al., 2013).

Our findings showed that “detritus associations” were not negatively affected over time. 

Ponds in open landscape are still used and maintained by humans for fishery, but also for 

nature conservation issues. Mature ponds with a high structural diversity (different reed and 

water plant formations, shallow water body sides, coarse detritus, etc.) and higher nutrition 

levels are still present in the study area, thus supporting higher species richness and abundances 

(Fairchild et al., 2000; Palik et al., 2001; Schmidl, 2003). While early successional pools with no 

or little vegetation and mineralic substratum are transitional by nature, the ecological 

“nodus” (sensu Ellenberg, 1988, see also Austin et al. 1989) of  pond associations currently is 

enlarged in the successional continuum by the discussed nutrient input, which suppresses or 

retards the development towards dystrophic moor associations, or even reverses the latter back 

into the nutrient richer “detritus” habitat type.

2.5.4 Shifts in community composition

Community composition was strongly driven by pH (Fig. 2.3), which is a good proxy for 

succession (Schmidl 2003). This finding was in line with the results of  earlier studies showing 

that pH is one of  the most important chemical factors correlating with the species 

composition of  small lentic water bodies (Larson, 1985; Eyre et al., 1990; Zikeli et al., 2002; 

Fritz et al., 2004). Nitrite was another key determinant of  community composition in our study 

and its concentration decreased over time (Fig. 2.3). Nitrite accumulation is a prominent 

feature of  fresh, mineralic substrate water bodies and it occurs before the bacterial flora has 

become established (Smith et al., 1997), i.e. the denitrification cascade is not well developed yet. 

Thus, as the sampled water bodies underwent succession, their nitrite levels naturally dropped, 

because of  the decreasing pH, the development of   the denitrifying bacterial flora and the pH-

related transition of  nitrite to ammonium (Suzuki et al., 1974; Grunditz & Dalhammar, 2001; 

Strauss et al., 2002; Jiménez et al., 2011). 
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2.5.5 Prospects 

This study shows that especially mineralic substratum and moor water-beetle associations 

are facing threats and declines in diversity and abundance, correlating with changes in the 

physicochemical setting especially of  these water types. Despite the fact that the time range of  

28 years is a long survey period, some of  the evaluated factors could be counterchecked by 

comparable surveys in forest areas, where changes on landscape (alteration of  water catchment, 

agricultural nutrient input) or climate level are more moderate, compared to open landscapes. 

Methodologically, a more continuous survey would allow greater power to evaluate variation 

through time, and the regular inclusion of  newly created water bodies with mineralic 

substratum to the surveying scheme would allow assessment of  the status of  the 

corresponding beetle associations at the landscape scale correctly. Furthermore, though time 

standardized collecting is a reliable tool for assessing water beetle fauna of  small to mid-sized 

water bodies, a sampling with standardized traps would be a way of  excluding sampler biases, 

which is especially important when considering long time spans and essential for establishing a 

general tool for bioindication.

2.6 Appendix

S2.1: Map of  the study area

S2.1 Fig. 1: Study area in southern Germany. Scale bar indicates kilometers. The reference system is WGS84. Inset: 
location in Central Europe.
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S2.3: Details to hierarchical generalized additive model (HGAM) 

S2.3.1 HGAM formulae:

Abundance:

 gam(abund ~ s(year,k=7,m=2)+s(year,asso,bs="fs",k=7,m=2)

              + s(date_cont,bs="cc")

              + s(id_neu,bs="re")+s(type,bs="re")

              + s(x,y)+s(elev)+s(temp)+s(o2)+s(gh)+s(kh)+s(no2)+s(cl)+s(ph)+s(cond)+ s(Tiefe) 

              ,data=guilds,family = tw,method = "REML",select=T)

Species richness:

 gam(specnum ~ s(year,k=7,m=2,bs="gp")+s(year,asso,bs="fs",k=7,m=2)

               + s(date_cont,bs="cc")

               + s(id_neu,bs="re")+s(type,bs="re")

               + s(x,y)+s(elev)+s(temp)+s(o2)+s(gh)+s(kh)+s(no2)+s(cl)+s(ph)+s(cond)+ s(Tiefe) 

               ,data=guilds,family = tw,method = "REML",select=T)

Relative richness:

 gam(specnum ~ s(year,k=7,m=2)+s(year,asso,bs="fs",k=7,m=2)+s(abund)

              + s(date_cont,bs="cc")

              + s(id_neu,bs="re")+s(type,bs="re")

              + s(x,y)+s(elev)+s(temp)+s(o2)+s(gh)+s(kh)+s(no2)+s(cl)+s(ph)+s(cond)+ s(Tiefe) 

              ,data=guilds,family = tw,method = "REML",select=T)
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Chapter 3: Host specificity and species colouration mediate the 
regional decline of  nocturnal moths in central European forests

This Chapter is submitted to Ecography (minor revision) as: Roth, N., Hacker, H. H., Heidrich, 

L., Friess, N., Garcia-Barros, E., Habel, J. C., Thorn, S., Müller, J. Host specificity and species 

colouration mediate the regional decline of  nocturnal moths in central European forests

3.1 Summary

The high diversity of  insects has limited the volume of  long-term community data with a 

high taxonomic resolution and considerable geographic replications, especially in forests. 

Therefore, trends and causes of  changes are poorly understood. Here we analyse trends in 

species richness, abundance and biomass of  nocturnal macro moths in three quantitative data 

sets collected over four decades in forests in southern Germany. Two local data sets, one from 

coppiced oak forests and one from high oak forests included 125K and 48K specimens from 

559 and 532 species, respectively. A third regional data set, representing all forest types in the 

temperate zone of  Central Europe comprised 735K specimens from 848 species. Generalized 

additive mixed models revealed temporal declines in species richness (-36 %), abundance (-53 

%) and biomass (-57 %) at the regional scale. These were more pronounced in plant host 

specialists and in dark coloured species. In contrast, the local coppiced oak forests showed an 

increase, in species richness (+60 %), while the high oak forests showed no clear trends. Left 

and right censoring as well as cross validation confirmed the robustness of  the analyses, which 

led to four conclusions. First, the decline in insects appears in hyper diverse insect groups in 

forests and affects species richness, abundance and biomass. Second, the pronounced decline 

in host specialists suggests habitat loss as an important driver of  the observed decline. Third, 

the more severe decline in dark species might be an indication of  global warming as a potential 

driver. Fourth, the trends in coppiced oak forests indicate that maintaining complex and 

diverse forest ecosystems through active management may be a promising conservation 

strategy in order to counteract negative trends in biodiversity, alongside rewilding 

approaches. 

3.2 Introduction

Recent studies have raised concerns about ‘insect decline’ as a worldwide phenomenon 

(Cardoso et al., 2020; Harvey et al., 2020; Samways et al., 2020). Insects have been shown to 

decrease in terms of  species richness (Thomas et al., 2004a), abundance (Conrad et al., 2006), 

and biomass (Hallmann et al., 2017). There are indications of  diversity loss in Hymenoptera 

(Biesmeijer et al., 2006; Potts et al., 2010), Hemiptera (Schuch, Bock, Krause, Wesche, & 
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Schaefer, 2011; Schuch, Wesche, & Schaefer, 2012), Coleoptera (Desender et al., 2010; Brooks 

et al., 2012), Diptera (Gatter et al., 2020) and Lepidoptera (Conrad et al., 2006; Habel et al., 

2016b). Although many studies show that ‘insect decline’ is occurring, a recent review by 

Sánchez-Bayo & Wyckhuys (2019) predicting the extinction of  40% of  the world’s insect 

species over the next few decades raised criticism, as their approach is considered biased 

towards studies reporting declines and thus accused of  drawing ‘too alarmist’ conclusions 

(Komonen et al., 2019). This criticism is supported by several studies showing no trends, 

increasing trends in insect biodiversity or positive trends for a considerable number of  species 

(Fox et al., 2014; Boyes et al., 2019; Macgregor et al., 2019; Crossley et al., 2020). The trends of  

insect populations are complex and depend on the habitat types, the taxonomic group and the 

study sites (Shortall et al., 2009; Hallmann et al., 2018; Van Klink et al., 2020). In addition, long 

time-series featuring a high taxonomical resolution and a high number of  replicates are lacking 

or neglect management gradients or certain habitats. Uncertainties about the trends in insect 

biodiversity have increased calls for more robust temporal data on insects, covering time spans 

that are relevant when investigating effects of  climate change and replicated at large 

geographical scales (Habel et al., 2019a; Kunin, 2019; Thomas et al., 2019). Additionally, there 

is rising concern about the accurate analysis of  time series data and monitoring schemes in 

general (Didham et al., 2020). Shifting or false baseline effects may lead to non-robust 

conclusions, especially when time series do not feature at least 10-15 individually sampled years 

(Fournier et al., 2019; White, 2019). Furthermore, the meta analyses of  insect declines come 

with drawbacks such as non-standardized sampling by various entomologists and pooling of  

samplings at different scales. This makes the generalisability of  the conclusions doubtful in 

certain instances (Welti et al., 2020).

Forest dwelling insect species are often thought to be less endangered,  especially in 

Europe (Juslén et al., 2016a; Potocký et al., 2018), as forest use intensity has not changed 

dramatically over recent decades in central Europe compared to agriculture, with its marked 

increase in pesticides and fertilizers (Reif  et al., 2006). Previous studies have shown stable 

temporal trends in woodlands for moths and other insects (Brooks et al., 2012; Hunter et al., 

2014) and increasing species richness has been observed at individual locations (Thomsen et 

al., 2015 but see Seibold et al., 2019). Moreover, modern forestry often promotes continuous 

forest cover (uneven-even aged forest management), creating a stable and homogenous habitat 

(Schall et al., 2017). However, this homogenization of  forests might come with costs in terms 

of  habitat heterogeneity and the related biodiversity (Merckx et al., 2012a; Thorn et al., 2015), 

as the forest stages with the highest canopy cover are usually quite species poor (Hilmers et al., 

2018). Furthermore, threats like diverging trends in phenology between hosts and pollinators 

or herbivores (Asch & Visser, 2007; Memmott et al., 2007), have reduced the nutritive value of  

the host plants due to rising CO2 levels (Lincoln et al., 1986; Cornelissen, 2011). Also, general 

nitrogen input and the accompanying homogenization in plants (Gilliam, 2006) are likely to 

affect forests in a similar fashion to open habitats (Seibold et al., 2019). Although forests are a 
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major habitat type in Europe, general trends in the diversity of  forest insects are largely 

unknown. So far, most quantitative long term studies on insects have been conducted in open 

habitats, focused on mainly open-habitat groups such as butterflies, have been based on 

monitoring schemes which are not habitat specific, or featured temporal extents smaller than 

four decades (e.g. Conrad et al., 2006; Groenendijk & Ellis, 2011; Hallmann et al., 2017, 2019; 

Hunter et al., 2014). 

Furthermore, species traits can influence trends in insect populations, and may also lead 

to diverging patterns within taxa, especially if  they are taxonomically rich (Stefanescu et al., 

2011b; Habel et al., 2019b). Traits like large wingspans, nocturnal activity and preference for 

woody or herbaceous food sources have been associated with species declines in moths 

(Coulthard et al., 2019). More generally, species with a higher degree of  feeding specialization 

have been shown to be more negatively affected by habitat degradation and loss because of  the 

higher flexibility generalists show regarding their diets (Habel et al., 2016b; Coulthard et al., 

2019; Wölfling et al., 2019). This makes generalists potentially more resilient to deterioration of  

habitat quality. Another trait which may be associated with differentiated decline/increase is 

colour (Zeuss et al., 2014). The variability in colour pattern is associated with niche breadth 

and feeding specialization (Forsman et al., 2020), whereas the colour lightness of  insects 

exhibits patterns along thermal gradients. Thus colour lightness decreases with latitude (Zeuss 

et al., 2014; Pinkert et al., 2017; Heidrich et al., 2018), elevation (Xing et al., 2018; Wu et al., 

2019) and from open to shaded habitats (Xing et al., 2016). Although mechanisms driving 

these relationships are not fully understood, the incidence suggests that lighter colouration will 

be favoured under climate warming (Zeuss et al., 2014).

In order to address the issue of  forest insect diversity we analysed a lifework moth data 

set with high taxonomic resolution collected by HHH over four decades, featuring plots 

located in all forest types typical for Central Europe. Nocturnal moths make up 86 % of  

Lepidoptera in Germany (Steiner et al., 2014) and constitute a model group of  insects covering 

a large trait space and exhibiting varying life histories. Thus, they are suitable for identifying 

overall, functional or lineage specific response differences. Their taxonomy is largely 

understood in Central Europe (Timmermans et al., 2014; Mitter et al., 2017) and there is 

substantial knowledge about their ecology (Potocký et al., 2018). However, while macro-moth 

diversity has been shown to decrease because of  land use intensification, habitat loss, light 

pollution and climate change (Conrad et al., 2006; Merckx et al., 2012b; Fox, 2013; Mangels et 

al., 2017; Boyes et al., 2020),  trends in forests are still unclear. We distinguished between two 

local scale data sets and one regional scale data set from light trapping samples, in order to 

analyse the temporal trends of  species richness, abundance and biomass. We used left and right 

censoring as well as cross validation to check the robustness of  the results. In addition to 

overall trends of  species richness, abundances and biomass of  macro moths, we analysed the 

three most abundant macro-moth families (Geometridae, Noctuidae & Erebidae) to test if  (1) 
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species richness, abundance and biomass have declined during the last four decades and 

whether these responses apply to all main subtaxa. Furthermore, we split the dataset into 

opposite halves of  trait spectra (light/dark – and generalist/specialist species) to test if, (2) dark 

and light species and (3) feeding specialists and generalists differ in their trends.

3.3 Material and methods 

3.3.1 Study area

The study area is split into three. Two core areas were sampled regularly within the study 

period, as well as a regional data set featuring plots across the whole German federal state of  

Bavaria (70,550 km²). The first core area is an oak forest characterized by a continuous 

coppice-with-standards management (coppicing wood-management method with several trees, 

which are allowed to grow bigger; subsequently named coppiced forest) and was sampled in 23 

years from 1979 to 2018 (see also Fig. 3.1). Within an area of  approximately 1 km radius, eight 

plots were sampled on a total of  283 plot dates. The minimum number of  resamplings per plot 

was nine, the maximum was 80 resamplings. The second core area is an oak high forest 

(subsequently named high forest), which was sampled in 18 years from 1979 to 2018. Within 

an area of  approximately 200 m radius, nine plots were sampled on 118 plot dates. The 

minimum number of  resamplings per plot was 7, the maximum was 36. At the regional scale, 

all forest types typical for Central Europe (for details on forest types see Hacker & Müller, 

2006; Hacker & Müller, 2009; Müller, 2005) were sampled on 531 plots in 41 years spanning 

1978 to 2018 and an elevational range from 210 to 1740 m a.s.l. Ninety-eight of  the plots were 

sampled only once, 50 twice. The maximum number of  resamplings on one plot was 62. In 

total we analysed 2806 sample dates at the regional scale. 

Fig. 3.1: Sum of  trapping nights per plot and year split according to the three analysed data sets (a), and plot 
locations within the federal state of  Bavaria, Germany (b).
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3.3.2 Moth sampling and classification

Moths were collected using light traps equipped with super-actinic ultraviolet light tubes 

mounted above plastic funnels for one full night per sampling. The attracted moths were 

collected in plastic containers at the bottom of  the traps and killed with chloroform (Müller et 

al., 2012). All moth specimens were counted and identified by HHH, if  necessary by examining 

genital preparations, following the higher-rank taxonomy by Zahiri et al. (2013) for the 

Noctuoidea. We used only data on macro moths for this study, for which all families were 

completely determined in all years. We analysed the data across all species (overall), and for 

Geometridae, Noctuidae, and Erebidae (including Acrtiinae and Lymantriinae) separately, as 

these were the most abundant families. We separated all the species into different subsets (light 

coloured or dark coloured and dietary specialist or generalist) to create groups for which 

species richness trends could be compared. We grouped all species into two classes of  food 

specialisation with monophagous and oligophagous species (feeding on one or a few plant 

species) as a proxy for host specialists and polyphagous species as a proxy for host generalists, 

based on the classification by Hacker & Müller (2006). Information about host specificity was 

available for 785 of  the 861 species sampled. We excluded species without information on host 

specificity from the respective analyses. We assessed species colour lightness by analysing 

photos extracted from Segerer & Hausmann (2011) with an Epson Perfection V33 scanner (48 

bits depth of  colour). We removed the background and converted the images to eight-bit grey 

values (mean of  the red green and blue values) following the protocol of  Zeuss et al. (2014), 

and scaled colour lightness from zero (completely black) to one (completely white) using the 

software package ‘png’ (Urbanek, 2013). We used the full dorsal surface area of  the body and 

wings to calculate the colour lightness of  species (see Heidrich et al., 2018). We then separated 

species into light and dark according to the grey values, to estimate if  trends in species richness 

are affected by colour lightness. Species above the median were categorized as “light” species 

and species below as “dark” species.  We chose this dichotomous approach to be able to 

analyse this trait in the same way as host specialization. Information about colour lightness was 

available for 853 of  the total 861 sampled species. We excluded species without information on 

colour lightness from the respective analyses.

3.3.3 Statistical methods

We excluded 34 plot-dates on which only one species was sampled (numbers above refer 

to cleaned data). All statistical analyses were performed using R (version 3.5.2). We predicted 

the biomass of  each sample using a model based on data published by García-Barros (2015). 

We modelled the dry weight as a function of  the total area (mm²) of  the moth species reported 

by García-Barros (2015), using the ‘lm’ function from the ‘stats’ package (R Core Team, 2018). 

Based on this model, we then predicted the biomass of  each species in our data set using the 

‘predict’ function from the ‘stats’ package (see Supporting Information S3.1 for details). For 

each sample, we added up the biomass of  all species, multiplied by its respective number of  
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individuals.

In order to account for nonlinear predictors (e.g. season and space), we used generalized 

additive mixed models (GAMMs; Wood, 2004) to model species richness (e.g. the raw species 

number, negative binomial error-term), abundance (negative binomial error-term), and biomass 

(gaussian error-term), per plot and trapping night as dependent variables. We used the ‘gam’ 

function in the package ‘mgcv’ (Wood, 2017) to model the dependent variables as a function of  

the year (as a numerical variable for all groups and additionally as a factor for overall species 

richness, abundance, and biomass), season (calendar day) and elevation as well as latitude and 

longitude for the regional dataset. Latitude and longitude, and the season were included as 

smoothed variables (basis functions: splines on the sphere for latitude and longitude and cubic 

regression splines for the season; dimensions were set to default); plot id was included in the 

models as a random factor to account for replicated measurements on the same plot. We 

excluded latitude, longitude and elevation from the local models due to limited variation.

We predicted species richness, abundance and biomass using the ‘predict.gam’ function 

in the ‘mgcv’ package for each year between 1978 and 2018, in order to illustrate the results 

(Wood, 2017). Latitude, longitude and elevation (regional data set only) as well as day of  the 

year and the plot-id were set to null in the predictions in order to generate species richness, 

abundance and biomass trends independent of  these variables. In order to test for robustness 

of  the models we conducted left and right censoring as well as a cross validation of  the models 

(Didham et al., 2020). For the left censoring models were recalculated by progressively 

removing the early time points from the data set until the year 2008 (Fournier et al., 2019). For 

the right censoring the latest years were progressively removed until the year 1988. For cross-

validation models were calculated with only odd or even years, respectively. After prediction of  

species richness, abundance, and biomass for the odd and even years, respectively, we 

calculated Pearson correlations between predicted and observed values. 

We determined species richness, abundance (total number of  specimens) and biomass 

per plot-date for light/dark and specialist/generalist species (subsequently called groups) and 

subsequently calculated GAMMs as described above with the group as an additional factor and 

an interaction term between group and years. We identified the group specific effects of  the 

year and tested for significant interactions between groups.

3.4 Results

At the local scale, 125,078 specimens (mean 441.9 per sample, range 10–10,599) 

belonging to 559 macro-moth species (mean 49.6 per sample, range 6–164) in the coppiced 

forest and 58,270 specimens (mean 493.8 per sample, range 30–2,932) belonging to 532 

macro-moth species (average 61.8 per sample, range 12–133) in the high forest, were recorded. 

At the regional scale 735,483 (average 262.1 per sample, range 2–7,321) belonging to 848 

macro-moth species (average 37.9 per sample, range 2–176) were sampled in the state-wide 
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forests, over the whole sampling period. Nine macro-moth families (Geometridae and 

Noctuidae being richest in specimens and species) were collected; 43,261 specimens from 260 

species and 40,867 from 204 species, for Geometridae and Noctuidae, respectively were 

collected in the coppiced forest; 20,937 specimens from 212 species and 27,014 from 201 

species, for Geometridae and Noctuidae, respectively in the high forest. At the regional scale 

329,592 Geometridae specimens from 338 species and 200,506 Noctuidae specimens from 334 

species were sampled in state-wide forests at the regional scale. The Erebidae family was the 

third group, which we analysed separately. 26,117/5,321/130,833 specimens from 54/49/79 

species were obtained from the coppiced, high, and state-wide forests, respectively. 

We found that the season (day of  the year, Fig. 3.2b), and space (latitude/longitude) were 

significantly correlated with species richness, abundance and biomass at the regional scale and 

at the local scale (season only) (Fig. 3.2 & Table 3.1) except for Noctuidae biomass in the high 

forest (Supporting Information S3.2 and S3.3). In state-wide forests we found elevation to have 

a significant negative effect on overall species richness (Table 3.1), and on Geometridae, 

Erebidae and Erebidae abundance and biomass (Supporting Information S3.3).

Fig. 3.2: Partial effects the variable year scaled as a factor (a) and the season (b, day of  the year as continuous 
variable) on the biomass. Colours indicate the three data sets. See Supporting Information S3.4 for raw data.

3.4.1 Long-term trend of  macro moth diversity and biomass

We found pronounced temporal fluctuation (not the overall temporal trend) in species 

richness, abundance and biomass (Fig. 3.2a, Supporting Information S3.4). This fluctuation 

was consistent throughout the three datasets. Time as a linear predictor had a significant 

negative effect on the overall number of  macro-moth species in the state-wide forests at the 

regional scale. We detected an overall decrease in species richness of  0.9 % per year (predicted 

values decreased by 36 % from 1978 to 2018, see Supporting Information S5) and abundance 

and biomass decreases of  1.3% and 1.4% per year, respectively (53% and 57% decrease over 

four decades, respectively Fig. 3.3b&c & Table 3.1). The decline in species richness, 



48

Temporal development of  communities

abundances and biomass in the state-wide forests affected Noctuidae the most followed by 

Geometridae. Erebidae showed a positive, significant temporal trend for all three biodiversity 

measures (Supporting Information S3.3). 

Fig. 3.3: Trends of  species richness (a), abundance (b) and biomass (c) between 1978 and 2018 at the local 
(coppiced forest) and regional scale (state-wide forest). The lines are based on predictions of  the original models. 
Only significant trends are shown. 

Table 3.1: Effect sizes of  parametric and smoothed terms of  GAMs for the state-wide (left), the coppiced 
(middle) and the high forest (right). Significances are indicated with * = <0.05, ** = <0.005, *** = <0.001; not 
significant where not indicated.

At the local scale we detected an increase in species richness of  1.5% per year (60 % 

increase over four decades) on coppiced plots from 1978 – 2018 (Fig. 3.3a & Table 3.1). The 

species richness of  all families (Geometridae, Noctuidae, Erebidae) increased significantly over 

time on coppiced forest plots, while only Erebidae increased in species richness and biomass in 

the high forest (Supporting Information S3.3). 

Left censoring showed the robustness of  these results as the trends were constant in the 

state-wide forests for species richness (Fig. 3.4). Increases in species richness in coppiced forest 

were apparent until the removal of  the sampling years up to the 1990s. In the high forest 

negative trends of  abundance and biomass became apparent on removing the first three 
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sampling years. Also, within the separately analysed families the trends were generally robust 

(Supporting Information S3.6). However, left censoring indicated that the positive trends in 

Erebidae species richness, abundance and biomass, in the high forest, and species richness of  

Geometridae in the coppiced forest, were due to the first decade in the data set. (Supporting 

Information S3.6). Major deviations from the reported overall pattern were detected when 

excluding sampling years before 2003 (Fig. 3.4 light grey line). Right censoring showed that 

leaving out the years after 2005 would lead to non-significant trends or less pronounced trends 

(Supporting Information S3.6). When all recent years until 1995 were removed, it resulted in 

the same patterns as with complete time-series data. Cross-validation showed that the predicted 

values correlate well with the measured ones especially at the regional scale at the order level 

(Supporting Information S3.6). Species richness was predicted most accurately, while the 

strength of  the correlations was partly weak (e.g. biomass and abundance predictions for single 

families at the regional level).

Fig. 3.4: Left censoring of  overall data (subsequent removal of  the oldest year in the data set, and recalculation of  
the model), species richness (a), abundance (b) and biomass (c). Dashed black lines indicate significance threshold. 
The dashed grey line indicates subsets spanning less than 15 years, which may reduce the reliability of  trend.

3.4.2 Association between species colouration, host specialisation and long-term trend 

In the state-wide forests at the regional scale overall species richness, abundance and 

biomass decreased for dark and light species (Table 3.2). However, the species richness, 

abundance, and biomass of  dark moths decreased significantly more than those of  light moths. 

In the coppiced forest, we found increases in species richness in both light and dark groups, 

with no significant differences between the two functional groups (Table 3.2). In the high 

forest only the abundance of  dark species decreased significantly. 

In the state-wide forests at the regional scale, species richness, abundance and biomass of  

specialist species declined significantly, but not those of  generalist species (Table 3.2). In the 

coppiced forest, species richness of  generalists and specialists increased with no significant 

difference between the two groups (Table 3.2). In high forest only the abundance of  specialists 

decreased significantly. 
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3.5 Discussion

We found temporal fluctuation in species richness, abundance and biomass comparable 

to the fluctuations found in other insect biomass studies in Europe (Fig. 3.2a, Supporting 

Information S3.2) (Hallmann et al., 2017; Macgregor et al., 2019). The decline in insect 

biomass in northern Germany from the mid-nineties to the year 2000 and the peaks after the 

year 2000 (2005/2006, 2011/2013) (Hallmann et al., 2017) match the patterns we found 

particularly closely. Similarly, the decline in biomass from the late 1970s to present (Fig. 3.2) 

matches the gradual decline observed in moth biomass in Great Britain forests (Macgregor et 

al., 2019). Fluctuations and tipping points of  trends were also reflected in left and right 

censoring. There was a peak in species richness, abundance and biomass around 1990 at the 

regional scale as subsets excluding the sampling years before showed the steepest decline across 

the left-censoring (Fig. 3.4). Left-censoring also indicates that the increase in species richness in 

the coppiced forest happened before the year 2000. The non-significant trends of  abundance 

and biomass in the high forest become negative on removing the early sampling years from the 

analyses. This suggests an increase until the early eighties followed by a decrease (see also 

Macgregor et al. 2019) and possibly a trend which is more strongly negative than the overall 

analyses suggests. However, we also found that the annual linear decline in moth biomass, of  

1.3% within the sampled forests, did not occur in such drastic rates as those noted for Malaise 

traps sampled in open habitats (i.e. 6.1% in Hallmann et al. 2017) but was more pronounced 

than in moth biomass in forested habitat in Great Britain (i.e. 0.4 % from 9 plots in Macgregor 

et al., 2019). However, Macgregor et al. (2019) found biomass to decrease more steeply in 

grasslands than in woodlands. This might be due to the fact that nocturnal moths in general 

did not show such a drastic decline as Diptera or Hymenoptera sampled predominantly with 

Malaise traps. This is supported by Macgregor et al. (2019) who found only a gradual decline 

with phases of  net gains in moth biomass over the past 50 years (Macgregor et al., 2019). This 

may also be linked to a higher resilience of  forests in comparison to open lands where 

intensification including inputs of  pesticides, mowing, and fertilizers are higher (Simon-Delso 

et al., 2017), and to the fact that forest may moderate responses to climate warming due to a 

microclimate buffered significantly by the canopy cover (Frenne et al., 2013). In a direct 

comparison, Seibold et al (2019) also observed a steeper decline in insects in grasslands than in 

forests over one decade. 

As species richness, abundance and biomass decreased at comparable magnitudes at the 

regional scale, this is an indication that the reported declines in biomass (Hallmann et al., 2017; 

Macgregor et al., 2019) might also mirror declines in species richness of  insects (see also 

Seibold et al., 2019). In the forests at the regional scale we found a decline in moth richness in 

line with previous studies (Conrad et al., 2006; Groenendijk & Ellis, 2011; Van Langevelde et 

al., 2018). The possible reasons for biodiversity declines are manifold, including climate change, 

light pollution, habitat loss and combinations of  both (Fox, 2013; Boyes et al., 2020). Rising 



52

Temporal development of  communities

CO2 levels and changing air quality can lead to reduced nutritive value in leaves and thus 

negatively influence herbivore diversity (Lincoln et al., 1986; Cornelissen, 2011; Pescott et al., 

2015) through a higher mortality rate (Fajer, 1989; Stiling et al., 2003). Also, differing changes 

in phenology between host and herbivores might result in a biodiversity decrease (Asch & 

Visser, 2007; Memmott et al., 2007). In woodlands, the degradation of  the structural 

complexity and the preference for closed canopy in silviculture (Vilén et al., 2012, see below) 

have been discussed as possible factors driving population and species losses of  Lepidoptera 

(Jeffries et al., 2006; Hilmers et al., 2018). However, there is an increasing number of  studies 

showing constant diversity across recent decades (Crossley et al., 2020; Van Klink et al., 2020). 

Note that in contrast to numerous case studies, it is often meta-analyses, which report constant 

or increasing trends in insect communities. However, these studies tend to assemble data on a 

multitude of  taxa, sampled on different scales, with inconsistent sampling of  the different 

habitats (Welti et al., 2020). This might be a reason for undirected trends and conclusions 

which might not apply generally. In this study we cannot rule out that the different results at 

the regional and the local scales are partly due to the difference in sampling intensity per plot 

(Weiser et al., 2019; Wainwright et al., 2020). However, we analysed data from one taxon 

sampled only in forested habitats over a long time span. This should assure a certain degree of  

reliability of  the trends we report. Different results at the regional and the local scales can also 

be due to the scale itself, as regional species richness is not only a product of  α-diversity, but 

also of  β-diversity (Chase et al. 2019).   

3.5.1 Effects of  habitat structure and silvicultural practices on moth communities

We observed stable moth diversity in oak high forest plots and increasing species 

richness in coppice with standards plots. The latter forest management type has already been 

shown to be beneficial to common but declining species (Merckx et al., 2012a). It implies the 

regular creation of  gaps which undergo succession until trees are cut down again after 20 – 30 

years. This is in contrast to most other forests in our study region that are kept in an optimum 

phase with continuous forest cover and thus feature less dynamics (Villén et al 2012). This lack 

of  dynamics in forests may be one reason why these forest types cannot compensate for 

habitat alteration leading to subsequent species losses through, for example, nitrogen input (De 

Schrijver et al., 2011) and/or insecticides. The observed increase in insect biodiversity in 

coppice with standards may be connected to the expansion of  range sizes of  species from 

lower latitudes (Pateman et al., 2012). However, it is most likely a combination of  temperature 

rise, which enables warm adapted and non-forest species to colonize the area, and the positive 

effects of  the successional mosaic, which outweigh regional, negative effects in our coppice 

with standards plots. In order to corroborate these indications, broader scale analyses of  

differences in diversity trends with different management techniques would be necessary.

We also found the Erebidae to thrive at a regional scale in the regional data set with the 

present forestry practice. This may be due to the Lymantriinae (Erebidae) subfamily, which 
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harbours several pest species (e.g. L. dispar, L. monacha), some of  which have increased 

significantly in population over recent decades (Klapwijk et al., 2013). This is in line with other 

pest species which are increasing as a consequence of  global warming (Klapwijk et al., 2013; 

Seidl et al., 2014; Seidl & Rammer, 2017; Thompson et al., 2017). Our finding on Erebidae 

found broad support in the long-term data from different habitats in Great Britain (Macgregor 

et al., 2019). In Macgregor et al (2019), Erebidae were the only group increasing in biomass 

since the 1980ies. This might be an indication of  a general pattern in Erebidae in Europe, 

although further analyses would be needed in order to confirm this.

3.5.2 Association between host specialisation and long-term trend 

Habitat loss and degradation have negative effects on Lepidoptera diversity, especially on 

species dependent on a restricted number of  host species (Stefanescu et al., 2011a). The 

general declines found in our data are most pronounced in specialist species which is in line 

with other recent studies on Lepidoptera (Stefanescu et al., 2011a; Habel et al., 2016b, 2019c; 

Wölfling et al., 2019). Beyond the faster decline of  specialists, we found that generalists 

typically increased in diversity, abundance, and biomass. This will lead to a major shift in 

community composition, as shown by Habel et al., (2016, 2019b) at one site over 200 years for 

butterflies and three decades for moths, in addition to the stated loss of  macro-moth diversity. 

This tendency is possibly caused by a homogenization of  forest vegetation (Keith et al., 2009; 

Dirnböck et al., 2014) which is partly due to nitrogen input (De Schrijver et al., 2011) and 

increasingly homogenous canopy densities resulting from increasing growing stock (Schelhaas 

et al., 2003). In our study, however, the local data indicated either no change for specialists or 

generalists (oak high forest), or an increase in both groups on coppice with standards plots. 

Thus, there seem to be certain forest types where specialists survive or increase. Nonetheless, 

note that forest specialists remain vulnerable especially because of  intense forest fragmentation 

(Slade et al., 2013).

3.5.3 Association between colour lightness and long-term trend 

Climate change may impact species population dynamics and survival if  ambient 

temperatures approach thermal thresholds of  species’ climate niches. We found dark species to 

decline faster than light ones, which is in line with ecological findings that the expected climate 

change favours light coloured insects (Zeuss et al., 2014). Furthermore, this matches the colour 

distribution of  insects at broader elevational and geographical scales (Bässler et al., 2013; 

Pinkert et al., 2017; Heidrich et al., 2018; Wu et al., 2019), though the mechanisms remain 

unclear for nocturnal insects. Thus, we hypothesize that light colouration is beneficial for forest 

dwelling moths under the current development of  the climate, although factors other than 

temperature may have a bearing on driving colour trends. These might include passive defence 

against visual predators (e.g. background matching, Kettlewell, 1959; Wilson et al., 2001) and 

unexpected consequences due to pleiotropism in the induction of  pigment production 
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(Dubovskiy et al., 2013; Roulin, 2014). However, we detected differences between the richness 

of  light and dark species in the state-wide forests predominantly at the regional scale, which 

means the differences in these trait trends seem to be detectable only at a broad scale.

3.5.4 Implications for conservation and prospects 

The diversity responses of  hyperdiverse taxa over time and to changes in the 

environment are complex, habitat dependent and scale dependent. Our data set indicates that 

insect decline also occurs in these insect groups in forests, supporting the recent findings by 

Seibold et al. (2019) over the last decade for other insects. A more pronounced loss of  habitat 

specialists and dark species indicates that, similarly to open land, habitat loss and temperature 

effects due to global warming are potentially the main drivers of  loss in forests. However, we 

would like to stress that in practice these drivers act differently in forest than in open land. 

While open land is especially affected by direct effects of  pesticides and intensification (Simon-

Delso et al., 2017), habitat loss in the forest is most probably mediated by indirect effects of, 

for example, nitrogen input and changes in microclimates (De Schrijver et al., 2011). The same 

applies to global warming (see above).

The increasing biodiversity in coppice with standards forests shows that forest 

landscapes with a high diversity of  tree species and succession stages are still able to buffer 

negative trends. This is especially interesting in the light of  increasing disturbance intensities 

(Seidl et al., 2014), which create heterogeneous patterns in landscapes, which in turn increase 

biodiversity (Beudert et al., 2015) Coppicing might be a way to emulate natural disturbance in 

order to maintain diversities. Note that rewilding and the abandonment of  management may 

be alternative or complementary approaches to create structural heterogeneity in forests for 

insect conservation (Müller et al., 2010; Merckx & Pereira, 2015; Dantas de Miranda et al., 

2019).

We finally note that all our data are observational data collected over long periods. 

Although we have accounted for the season and the geographic location, the whole study area 

was not sampled constantly throughout the sampling years. Cross validation also showed that 

predictions for the odd and the even years was generally good but not always as accurate as 

desirable (R² << 0.5, Supporting Information S3.6). This is possibly due to the fluctuating 

nature of  the samplings, i.e. samplings did not follow a regular sampling scheme on all plots. 

However, left-censoring (Didham et al., 2020) showed that the trends are nevertheless quite 

robust when some sampling years were removed subsequently starting with the oldest (Fig. 

3.4). Right-censoring showed the importance of  the latest three to five sampling years 

identifying the significant trends we report. We conclude that although the sampling design has 

its flaws, the analyses and the reported results are robust. However, in order to develop 

evidence-based conservation strategies in forests under a changing climate, we need more 

evidence from spatially and temporally replicated silviculture-biodiversity experiments.
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Chapter 4: Decadal effects of  landscape-wide enrichment of  
dead wood on saproxylic organisms in beech forests of  different 
historic management intensity

This Chapter is published as: Roth, N., Doerfler, I., Bässler, C., Blaschke, M., Bussler, H., 

Gossner, M. M., Heideroth, A., Thorn, S., Weisser, W. W. & Müller, J. (2019). Decadal effects 

of  landscape-wide enrichment of  dead wood on saproxylic organisms in beech forests of  

different historic management intensity. Diversity and Distributions, 25(3), 430-441.

4.1 Summary

European temperate forests have lost dead wood and the associated biodiversity owing 

to intensive management over centuries. Nowadays, some of  these forests are being restored by 

enrichment with dead wood, but mostly only at stand scales. Here, we investigated effects of  a 

seminal dead-wood enrichment strategy on saproxylic organisms at the landscape scale. In a 

before–after control–impact design, we compared assemblages and gamma diversities of  

saproxylic organisms in strictly protected old-growth forest areas (reserves) and historically 

moderately and intensively managed forest areas before and a decade after starting a landscape-

wide strategy of  dead-wood enrichment. Before enrichment with dead wood, the gamma 

diversity of  saproxylic organisms in historically intensively managed forest stands was 

significantly lower than in reserves and historically moderately managed forest stands; this 

difference disappeared after 10 years of  dead-wood enrichment. The species composition of  

beetles in forest stands of  the three historical management intensities differed before the 

enrichment strategy, but a decade thereafter, the species compositions of  previously intensively 

logged and forest reserve plots were similar. However, the differences in fungal species 

composition between historical management categories before and after 10 years of  

enrichment persisted. Our results demonstrate that intentional enrichment of  dead wood at the 

landscape scale is a powerful tool for rapidly restoring saproxylic beetle communities and for 

restoring wood-inhabiting fungal communities, which need longer than a decade for complete 

restoration. We propose that a strategy of  area-wide active restoration combined with some 

permanent strict refuges is a promising means of  promoting the biodiversity of  age-long 

intensively managed Central European beech forests. 

4.2 Introduction

Central European forests have been exploited for centuries, which has resulted in a loss 

of  old-growth forest structures (Hannah et al., 1995; Parviainen, 2005). Human activities have 

markedly reduced the amount and quality of  dead wood in forests (Lassauce et al. 2011), which 

has greatly affected population sizes of  many species and the composition of  forest 
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communities. Between 20 and 25% of  all forest-dwelling species are saproxylic, i.e., dependent 

on dead wood or on wood-inhabiting fungi, for at least a part of  their lifespan (Speight, 1989; 

Schmidl & Bußler, 2004; Stokland et al., 2012). Beetles and fungi are the most diverse 

saproxylic taxa and comprise multiple habitat guilds (Stokland et al., 2012) with distinct 

requirements for the amount and quality of  dead wood in space and time (Lassauce et al., 

2011; Sverdrup-Thygeson et al., 2014). Saproxylic species that depend on old-growth structures 

(e.g., tree hollows, and dead wood of  large diameter and in late decay stages) suffer most from 

the loss of  habitats and can thus be considered as ‘old-growth specialists’ (Müller et al., 2008; 

Blaschke et al., 2009). 

Due to differing management, e.g. royal hunting grounds and wood-production forests, 

the amount of  dead wood varied considerably at the landscape scale historically, which led to 

both refuges for species that depend on old-growth structures and forests depauperated of  

species (Bußler & Müller, 2006). Currently, high amounts of  dead wood at the landscape scale 

in beech forests are almost exclusively restricted to forest reserves in Eastern Europe 

(Christensen et al., 2005), while managed beech forests lack large old trees and dead wood in 

Europe in general (Gossner et al., 2013b). As >95% of  the forest area in Europe is 

unprotected and economically exploited (e.g. for timber production) (Morales-Hidalgo et al., 

2015), debates on the effectiveness of  land sparing vs. land sharing concepts (Fischer et al., 

2008; Grau et al., 2013) are important, and conservation strategies need to be assessed for their 

efficacy. It has been shown that land sharing, i.e. integrative conservation approaches in 

European forests, can locally promote saproxylic organisms, depending on the time scale and 

taxon, by restoring or retaining dead wood and old-growth elements (Brunet & Isacsson, 2009; 

Komonen et al., 2014; Pasanen et al., 2014; Vandekerkhove & Thomaes, 2015). However, most 

of  these approaches are restricted to the stand scale, and landscape-wide applications of  dead-

wood enrichment and their evaluation with respect to biodiversity are rare. Dead-wood 

enrichment at landscape scales might not be homogenous and thus biodiversity assessments 

should not restrict to local alpha diversity, when dead-wood enrichment is evaluated. To assess 

the total effect of  landscape-wide deadwood enrichment, an approach that compares the 

gamma diversities in areas of  different management intensities prior to the implementation of  

dead wood enrichment strategies is needed.

In a before–after control–impact design, we compared saproxylic beetle and fungal 

communities in beech forest stands historically intensively or moderately managed, before and 

after 10 years of  intentional enrichment with dead wood at the landscape scale. As a control, 

we compared the communities in the managed forests with those in strictly protected forest 

reserves, which have age and dead-wood characteristics similar to those of  primeval beech 

forests (Müller et al., 2007b). Only the managed parts of  the forests were actively enriched with 

dead wood. Enrichment began in 2004 (officially approved in 2006) (Doerfler et al., 2017) to 

compensate for strong differences in the gamma diversity and composition of  saproxylic 
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organisms, including guild patterns, among forest stands of  the three management intensities 

(Müller et al., 2007a, 2008; Bässler et al., 2014; Gossner et al., 2014).

We hypothesized that after a decade of  dead-wood enrichment at the landscape scale, the 

lower diversity found in 2004 in the intensively managed part of  the study area would no 

longer be apparent and the differences in gamma diversity and community composition of  the 

former management categories would diminish. We also analysed guild-specific responses. As 

dead-wood enrichment in the study area is an ongoing process that was implemented 10 years 

before the resurvey, more dead wood of  all decay stages was present on the plots (Doerfler et 

al., 2017). We therefore expected that diversities of  all analysed guilds would have caught up 

with those of  the forest reserves. 

4.3 Methods

4.3.1 Study area

The study was carried out in the Steigerwald forest in southern Germany (49°N 10°E), 

which covers 1,115.2 km² and spans an elevation of  350 to 500 m a.s.l. The mean annual 

temperature is 7–8 °C. The annual rainfall is 850 mm (Lischeid, 2001). The study plots are 

located in the forest district Ebrach, where European Beech (Fagus sylvatica) is the dominating 

tree species (~40%), followed by oaks (Quercus sp.) (~20%) (Müller et al., 2007a). The study 

area covers 17,000 ha, 92% of  which is managed by a state company.

4.3.2 Study design

Within the study area, 69 circular plots were established in beech forests. Each plot was 

0.1 ha in size and classified to one of  the three historical management categories (according to 

Müller et al. 2007a, 2008) (Fig. 4.1): intensively managed (intensive logging) (24 plots), 

moderately managed (moderate logging with conservation goals) (24 plots), and unmanaged, 

forest reserves (no logging) (21 plots; as a control). In the intensively managed forest stands, 

timber was extensively extracted, especially after World War II, at rates of  11 m³ ha−1 year−1, 

which led to almost complete loss of  habitat trees and dead wood. Moderately managed forest 

stands have been moderately thinned and logged since 1972, with a focus on the preservation 

of  cavity trees. This management has led to more habitat trees and dead wood retained than in 

intensively managed areas (for a detailed description of  historical management intensities, see 

Appendix S4.1 in Zytynska et al., 2018). The strictly protected forest reserves have had no 

human influence since at least 1978 (16 plots) or 1995 (5 plots) and contain dead wood and 

veteran tree structures similar to those found in primeval forests in Eastern Europe and 

therefore could serve as a control (Müller et al., 2007b). The management of  all managed parts 

of  the study area, but not of  the protected parts, changed officially in 2006 (unofficially in 

2004) and follows an ongoing integrative conservation concept in which dead wood is enriched 

to promote the diversity of  saproxylic organisms. Remnants, e.g., crowns and the bottom meter 
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of  rotten or crooked trunks, are actively enriched during harvesting, and naturally developed 

dead wood, e.g. snags and storm-felled trees, is retained. The mean volume of  dead wood in 

the production forest increased from 18.9 ± 1.1 m³ ha−1 before dead-wood enrichment to 

49.1 ± 3.8 m³ ha−1  ten years after the strategy started (for details, see Doerfler et al. 2017), 

thus resulting in a before–after control–impact design. Plot features, e.g., dead-wood volume 

(see Appendix S4.7), were recorded on all 69 plots in 2004 and 2014 (Müller et al., 2007b; 

Doerfler et al., 2017).
4.3.3 Saproxylic beetle sampling

We sampled beetles from April 

to October in 2004 (before 

enrichment of  dead wood) and in 

2014 (after 10 years of  enrichment) 

with flight-interception traps (Müller 

et al., 2008). Traps consisted of  two 

crossed plastic shields (40 cm × 60 

cm) with a funnel (40 cm diameter) 

attached at the bottom. The funnel 

fed into a 750-ml container filled 

with 1.5% copper sulphate solution 

and a small amount of  odourless 

detergent. Copper sulphate efficiently 

kills and conserves insects without 

attracting them (Stoeckle et al., 2010). 

In addition, an experienced 

entomologist (HB) directly searched 

each 0.1 ha plot for 45 min in spring, 

Fig. 4.1: Study area in Steigerwald (Germany) with 69 plots in 
three different categories of  previous management: intensive, 
intensively managed with extensive logging; moderate, 
conservation-oriented moderately managed since the 1970s; 
reserve, strictly protected with no logging since the 1970s. Scale 
bar indicates kilometres. Inset: location in Central Europe.

summer, and autumn of  both sampling years for beetle fragments, larvae, larval structures, and 

flightless species. In the direct search, woody objects, wood-inhabiting fungi, tree cavities, and 

brood chambers were examined. We pooled data from both sampling methods for statistical 

analyses. Beetles were classified as saproxylic following Schmidl & Bußler (2004). We defined a 

subset of  species that contained saproxylic beetle species dependent on old-growth forest 

structures, e.g., dead wood of  large diameter and tree cavities, based on data specific for our 

study area provided by HB (see Müller, 2005). These species are referred to as ‘old-growth 

specialists’. Some ‘old-growth specialists’ are even more demanding in their habitat choice and 

are referred to as ‘extreme old-growth specialists’ (see Appendix S4.3) (Müller, 2005). The 

study region is generally depauperated in terms of  diversity. Hence, only seven species are 

found in the list of  primeval forest relict species (Eckelt et al., 2018); therefore, we summed 

records per plot for this species subset (Appendix S4.3). Beetle species were also classified into 

habitat guilds (fresh dead wood, old dead wood, or on fungi in dead wood) (Schmidl & Bußler, 
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2004).

4.3.4 Wood-inhabiting fungi sampling

Macroscopic fruiting bodies (macromycetes) of  wood-inhabiting fungi were recorded on 

all woody objects  over 45 min on each 0.1 ha plot in spring, summer, and autumn in the same 

years as the beetle samplings by experienced mycologists before dead-wood enrichment (Heinz 

Engel) and after enrichment (MB). Critical species were later examined with a microscope. MB 

followed the same protocol as HE. Fungal species were classified into habitat guilds (dwelling 

in fresh dead wood or in old dead wood) according to a list compiled by MB, which is based 

on the mean decay stage of  dead wood on which each species was found in previous studies. 

‘Old-growth specialists’, which are demanding in their habitat requirements, were classified 

following Blaschke et al. (2009).

4.3.5 Statistical methods

Insect populations (Martikainen & Kaila, 2004) and fungal populations (Halme & 

Kotiaho, 2012) vary considerably between years, and thus analyses between years might reflect 

fluctuations in population densities rather than an effect of  the forest management strategy 

(see Appendix S4.1). Therefore, we analysed each sampling year separately and compared 

patterns of  the communities between the sampling years. As the fungi were sampled by two 

different people and the beetle data set contained data from both hand sampling and flight-

interception traps, we used presence/absence data on each plot in our analyses of  both 

saproxylic groups to avoid biased results. However, we additionally used abundance data to 

corroborate our results concerning community compositions (Appendix S4.8). All analyses 

were performed using R (version 3.3.1, R Core Team, 2016). 

To analyse landscape scale effects of  dead-wood enrichment, we compared gamma 

diversities of  all species, old-growth specialists, and species within habitat guilds, between 

management categories before and after dead-wood enrichment. We chose the gamma diversity 

approach because we were interested in the total effect of  a landscape-wide enrichment on a 

forest area of  specific history (Doerfler et al., 2017). To estimate gamma diversity for each 

category and guild, we used the framework of  Chao et al. (2014a), which is implemented in the 

R package ‘iNEXT’ (Hsieh et al., 2016). This framework unifies interpolation and extrapolation 

approaches (Chao et al., 2014a) with Hill numbers (Hill, 1973), which allows analysis of  the 

effects on rare (low frequency) and dominant species (high frequency) within a common 

framework. Furthermore, this framework allows estimation of  sample completeness (Chao & 

Jost, 2012) and uses bootstrapping to construct confidence intervals around the Hill numbers 

(Colwell et al., 2012). This simplifies comparison of  multiple assemblages. We calculated 

gamma diversity for species richness (q = 0), typical species (q = 1), and dominant species (q = 

2) (Chao et al., 2014b), with a sample size of  24 (maximum number of  plots per category) for 

all categories. Differences between analysed groups were considered significant when 
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confidence intervals did not overlap (Schenker & Gentleman, 2001). Furthermore, we analysed 

sample completeness for each diversity estimation. 

We calculated association of  species with the three management categories using the 

‘multipatt’ function of  the ‘indicspecies’ package in R (Cáceres & Legendre, 2009) in which 

indicator values of  each species are calculated for the respective category. Species that were 

significantly associated to one category are referred to as indicator species in the following. We 

analysed whether guild compositions (number of  species dwelling in fresh dead wood, old 

dead wood, or wood fungi) of  the calculated indicator species varied between the three 

historical management categories.

For analyses of  community composition, we used nonmetric multidimensional scaling 

(NMDS), which is among the most robust unconstrained ordination methods in community 

ecology (Minchin, 1987). We used the ‘metaMDS’ function within the ‘vegan’ package in R 

(Oksanen et al., 2018). The number of  dimensions was set to four to reduce stress below 0.2 

(Clarke & Warwick, 2001). Differences in community assemblages between management 

categories were tested by permutational multivariate analysis of  variance using distance 

matrices with the ‘adonis’ function within the ‘vegan’ package with 999 permutations 

(Anderson 2001) . We included plot coordinates in this analysis to control for potential spatial 

effects. As the number of  occurrences markedly varied between sampling years, we artificially 

reduced the data set that contained more occurrences to the size of  the other data set. We 

repeated this procedure 1,000 times and compared centroids of  NMDS ordinations and results 

of  permutational multivariate analysis of  variance. The results were not substantially influenced 

by different occurrences (Fig. S4.6.7 and Fig. S4.6.8).

4.4 Results

In the two sampling years, we recorded 14,759 specimens (average 107 per plot, range 6–

1,712) of  341 saproxylic beetle species (average 24 per plot, range 5–50) on all plots together. 

Abundances were lower after 10 years of  dead-wood enrichment (5,493; average 134 per plot, 

range 16–1,712) than before enrichment (9,266; average 80 per plot, range 6–769). We also 

recorded 7,230 occurrences (sum of  woody objects per species and plot; average 52.4 per plot, 

range 2–137) of  218 species of  wood-inhabiting fungi (average 25.3 per plot, range 2–47). We 

recorded 2,361 occurrences (average 34.2 per plot, range 2–91) of  174 species before 

enrichment and 4,869 occurrences (average 70.6 per plot, range 29–137) of  162 species after 

enrichment. 

4.4.1 Diversity of  saproxylic beetles and wood-inhabiting fungi 

We found no overall significant difference in gamma diversity between the management 

categories in overall saproxylic beetle species richness, before and after dead-wood enrichment 

(q = 0) (Fig. 4.2a and Table 4.1). The diversity of  typical (q = 1) and abundant species (q = 2) 

in intensively managed forest stands was significantly lower than in moderately managed stands 
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and forest reserves (indicated by non-overlapping confidence intervals, Table 4.1 and Appendix 

Fig. S4.2.2 and S4.2.3). After 10 years of  enrichment, the beetle diversity (q = 1 and 2) of  

previously intensively managed forest stands equalled that of  forest reserves. Sample coverage 

did not vary significantly between the plot categories (before enrichment: 0.857–0.927; after 

enrichment: 0.823–0.931) (Fig. 4.2c). 

Fig. 4.2: Gamma diversity (q = 0) of  (a) saproxylic beetles (including ‘old-growth’ specialists in lighter colors) and 
(b) wood-dwelling fungi of  each management category (intensive, intensively managed; moderate, moderately 
managed; reserve, strictly protected) before and after 10 years of  dead-wood enrichment. Gamma diversity is 
shown for a sample size of  24 plots (24 intensively managed plots, 24 moderately managed plots, 21 strictly 
protected plots). Sample coverage is shown for each diversity estimation; 95% confidence intervals were obtained 
by bootstrapping with 200 replications. Differences between the categories reach significance when 95% 
confidence intervalls do not overlap. Sample coverage is shown for (c) saproxylic beetles, (d) ‘old-growth’ 
specialists, and (e) wood-dwelling fungi.
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Before dead-wood enrichment, the gamma diversity of  wood-inhabiting fungi was 

significantly lowest in intensively managed forest stands, for all three orders of  Hill numbers 

(Fig. 4.2b, Table 4.1, and Appendix S4.2). After 10 years of  dead-wood enrichment, the species 

richness in forest stands of  the previous management categories did not significantly differ, 

independent of  the weighting of  rare and dominant species (Fig. 4.2b, Table 4.1, and Appendix 

S4.2). Sample coverage was constant within each sampling year and varied between 0.894 and 

0.955 in 2004, and 0.921 and 0.974 in 2014 (Fig. 4.2e).

4.4.2 Diversity of  ‘old-growth specialists’ 

In the two sampling years together, 81 saproxylic beetle ‘old-growth specialist’ species (1–

13 per plot) were captured. The number of  species and abundances were lower before dead-

wood enrichment (2 species and 5 individuals per plot) than after 10 years of  enrichment (3 

species and 9 individuals per plot). In 2004, species richness was significantly higher in forest 

reserves than in intensively managed forest stands (indicated by non-overlapping confidence 

intervals, Fig. 2a bottom and Table 1). After 10 years of  enrichment, the species richness in 

forest stands of  the different historical management categories did not significantly differ. 

Note that sample coverage increased with decreasing historical management intensity before 

dead-wood enrichment (intensively managed: 0.399–0.751; moderately managed: 0.646–0.829; 

reserves: 0.758–0.914; Fig. 2d). However, the records of  ‘extreme old-growth specialists’ and 

primeval forest relict species per plot was very low on previously intensively managed plots 

(Fig. S3.4). 

Only 11 species of  wood-inhabiting fungi recorded in both years are classified as ‘old-

growth specialists’. Owing to this low number of  species, we restricted our analyses of  the 

historical management intensities to comparisons of  total number of  records per plot. Before 

enrichment with dead wood, the number of  records reflected the historical management 

intensity (low number of  records on intensively managed plots, and high number of  records 

on reserve plots). Ten years after enrichment, this pattern was much less discernible (Fig. S4.5).

Table 4.1: Summary of  significant differences in gamma diversity (non-overlapping 95% confidence intervals) 
between historical management categories intensive (I), moderate (M), and strictly protected forest reserves (R), 
before and 10 years after the dead-wood enrichment started. Both the overall diversity of  beetles (Overall) and the 
diversity of  old-growth specialist beetles (Specialists) were considered. ‘< >’, diversity of  the indicated categories 
differs significantly.
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4.4.3 Diversity in different habitat guilds

Before dead-wood enrichment, the species richness (q = 0) of  fungi-dwelling beetles was 

significantly lower in intensively managed forest stands (0–8 species per plot) than in forest 

reserves (2–15 species per plot). After 10 years of  enrichment, no difference between any 

management category was found (0–11 species per plot) (Fig. 4.3a, c indicated by overlapping 

confidence intervals). Before enrichment, the richness of  beetle species dwelling on old dead 

wood was significantly lower in intensively managed forest stands (3–20 species per plot) than 

in moderately managed forest stands (4–29 species per plot), but the richness of  species 

Fig. 4.3: Gamma diversity (q = 0) of  habitat guilds of  (a, c) saproxylic beetles and (b, d) wood-dwelling fungi (a, b) 
before and (c, d) after 10 years of  dead-wood enrichment for each management category (intensive, intensively 
managed; moderate, moderately managed; reserve, strictly protected). Habitat guilds of  beetles: fungi, dwelling on 
fungi in dead wood; old, dwelling in old dead wood; fresh, dwelling in fresh dead wood. Habitat guilds of  fungi: 
old, dwelling in old dead wood; fresh, dwelling in fresh dead wood. Gamma diversity is shown for a sample size of  
24 plots (24 intensively managed plots, 24 moderately managed plots, 21 strictly protected plots); 95% confidence 
intervals were obtained by bootstrapping with 200 replications. Differences between the categories reach 
significance when 95% confidence intervalls do not overlap.
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dwelling on fresh dead wood did not differ between any management category (3–14 species 

per plot). After 10 years of  enrichment, the richness of  beetle species dwelling on fresh (0–14 

species per plot) or old (3–28 species per plot) dead wood did not differ between any 

management category. The sample coverage did not significantly differ among the management 

categories before (0.805–0.975) and after 10 years of  dead-wood enrichment (0.778–0.965), 

except between fungi-dwelling beetle species on intensively managed plots (0.878–0.963) and 

moderately managed plots (0.527–0.794) (Fig. S4.5.6).

Fig. 4.4: Calculated number of  (a, c) beetle and (b, d) fungal indicator species for each management category 
(intensive, intensively managed; moderate, moderately managed; reserve, strictly protected) (a, b) before and (c, d) 
after 10 years of  dead-wood enrichment and the proportion of  each habitat guild. Habitat guilds of  beetles: fungi, 
dwelling on fungi in dead wood; old, dwelling in old dead wood; fresh, dwelling in fresh dead wood. Habitat guilds 
of  fungi: old, dwelling in old dead wood; fresh, dwelling in fresh dead wood.
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Before dead-wood enrichment, the species richness of  fungi dwelling on old dead wood 

(q = 0) was significantly lower in intensively managed forest stands (1–21 species per plot) than 

in moderately managed and forest reserves (4–31 species per plot) (Fig. 4.3b). After 10 years of  

dead-wood enrichment, we found no significant differences among management categories (5–

26 species per plot) (Fig. 4.3d). We detected no significant differences in sample coverage 

within each guild before (0.817–0.972) and after (0.906–0.993) enrichment with dead wood 

(Fig. S4.5.6).

Fig. 4.5: NMDS ordinations of  (a, c) saproxylic beetle and (b, d) fungal communities (a, b) before and (c, d) after 
10 years of  dead-wood enrichment. All NMDSs were calculated with four dimensions. Note that each spiderplot 
shows the centroid of  the respective management category (intensive, intensively managed; moderate, moderately 
managed; reserve, strictly protected).
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4.4.4 Management intensity indicator species

Before dead-wood enrichment, more beetle indicator species, which colonized old dead 

wood (4) and fungi (4), were identified in strictly preserved forests reserves (8) than in 

intensively managed forest stands (3), where most (2) colonized fresh dead wood (Fig. 4.4a). 

After 10 years of  enrichment, this pattern changed; the beetle indicator species in reserves 

colonized fresh and old dead wood and fungi, and those in previously intensively managed 

forest stands now colonized fungi (Fig. 4.4c).

Before dead-wood enrichment, the number of  fungal indicator species was higher in 

reserves (6) than in moderately (4) and intensively managed forest stands (2) (Fig. 4.4b). After 

10 years of  enrichment, only two species were identified, both in forest reserves (Fig. 4.4d). 

Table 4.2: Permutational multivariate analysis of  variance using distance matrices with 999 permutations for 
overall beetle and fungal communities before and after 10 years of  dead-wood enrichment. Category, previous 
management intensity category; lat, latitude; lon, longitude.
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4.4.5 Community composition

Before enrichment with dead wood, the centroids of  the NMDS ordinations of  

saproxylic beetle communities were ordered according to decreasing management intensity 

(Fig. 4.5a). After 10 years of  enrichment, the formerly intensively managed plots were more 

similar to forest reserve plots than to moderately managed plots (Fig. 4.5c). Similar patterns 

appeared when we considered abundance data (Appendix S4.8). Multivariate analysis of  

variance showed significant differences between the previous management categories before 

and after 10 years of  enrichment with dead wood (Table 4.2). However, the effect of  latitude 

became more pronounced after enrichment, which suggests a weakening influence of  historical 

management intensity.

The centroids of  the NMDS ordinations of  wood-inhabiting fungal communities were 

ordered according to decreasing management intensity both before and after 10 years of  dead-

wood enrichment (Fig. 4.5b, d). Similar to that of  beetle communities, multivariate analysis of  

variance showed significant differences between the previous management categories before 

and after 10 years of  enrichment (Table 4.2). Latitude and longitude became more important 

for the fungal community composition after 10 years of  enrichment than before. However, the 

previous management intensity category remained clearly more important than latitude and 

longitude for the community composition.  

4.5 Discussion

The enrichment of  dead wood at the landscape scale had significant effects on saproxylic 

beetle and fungal communities, after only 10 years following its implementation. This is in line 

with findings of  well-designed experiments at the stand scale that suggest short-term positive 

effects of  dead-wood accumulation for saproxylic organisms (Hyvärinen et al., 2006; Komonen 

et al., 2014; Pasanen et al., 2014; Seibold et al., 2015a). Historically intensively managed, and 

hence species poorer forest stands, aligned with forest reserves after 10 years of  dead-wood 

enrichment in terms of  gamma diversity and community composition. The underlying 

mechanism is most likely an increase in niche availability caused by the increase in the volume 

of  dead wood, which positively affects saproxylic communities (see also Seibold et al. 2017). 

The ongoing dead-wood enrichment in managed forest stands since 2005,  mitigates the 

differences in dead-wood amount and diversity between managed and unmanaged forest 

stands (Doerfler et al., 2017). Habitat restoration through dead-wood enrichment therefore 

positively affects saproxylic species not only on the plot level (Seibold et al., 2015a) but also at 

the landscape scale. 

4.5.1 Community composition after dead-wood enrichment 

The number of  indicator species of  the management categories, especially of  wood-

inhabiting fungi, was lower after 10 years of  dead-wood enrichment. This decrease indicates a 

general homogenization of  communities across plots of  the three previous management 



Effects of  dead-wood enrichment on saproxylic organisms 

97

intensities. Furthermore, the community compositions changed, as demonstrated by the 

changes in guilds of  indicator species. Before dead-wood enrichment, beetle and fungal 

indicator species on intensively managed plots belonged to the old and fresh dead-wood guilds. 

Such a promotion of  some selected saproxylic species in managed forests has been described 

by Grove (2002). After 10 years of  enrichment, only indicator beetle species living on fungi 

and no fungal indicator species were found on the previously intensively managed plots. 

Therefore, we conclude that dead-wood enrichment with retention of  naturally damaged trees 

results in successful restoration of  fungi as hosts for beetles on intensively managed plots. 

These plots were not only poor in dead wood but also poor in key species, such as tinder 

fungus (Fomes fomentarius) (Thunes, 1994). This species, which was driven to local extinction 

in this area, sporadically began to recolonize before enrichment with dead wood, and is now 

very common (Zytynska et al., 2018).

The community composition of  beetles changed more than that of  fungi after 

enrichment with dead wood. This was especially the case for the community composition of  

beetles on intensively managed plots, which, after 10 years of  enrichment, resembled that of  

forest reserves plots. Dispersal limitations should not play a large role at the scale of  our study 

(20–30 km), as the majority of  saproxylic beetles and wood-inhabiting fungi are good 

dispersers (Komonen & Müller, 2018). It is known that saproxylic beetle communities are 

mainly shaped by habitat filtering and dead-wood amounts (Klepzig et al., 2012; Bouget et al., 

2013; Gossner et al., 2013a; Heikkala et al., 2016b). Therefore, within a decade, dead-wood 

enrichment contributed directly to the change in community composition (see also Thorn et al. 

2016). The community composition of  wood-inhabiting fungi, on the other hand, still showed 

the same order on the management-category plots after 10 years of  dead-wood enrichment. 

This lack of  change might be because wood-inhabiting fungi tend to ‘defend’ dead wood 

against other fungal species (Boddy, 2001), which leads to strong competition among fungi in a 

log and fructification of  only a few species (Heilmann-Clausen & Christensen, 2004; Fukami et 

al., 2010), and this is often reflected by over-dispersed assembly patterns (Bässler et al., 2014). 

However, we expect that the fungal communities will change in the future as diversity peaks at 

more advance stages of  decay of  dead wood (Heilmann-Clausen & Christensen 2003, 2005; 

beech: 5–15 years after death, Müller-Using & Bartsch 2009), and this change might need more 

time to occur throughout the landscape.

4.5.2 Assessment of  conservation goals 

In Germany, forests harbour a mean of  20.6 m3 dead wood per hectare (Deutscher 

Holzwirtschaftsrat, 2017), which accounts for about 27% of  the mean dead-wood volume 

found in European beech forest reserves (Christensen et al., 2005). This large difference 

between average forests and reserves explains why managed forests differ from protected areas 

in species richness and assemblages (Martikainen et al., 2000; Paillet et al., 2010). With the 

active enrichment of  dead wood at the landscape scale in our study, the state forest 
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management intended to promote saproxylic species diversity. The mean volume of  dead wood 

rose from approximately 25 to 68 m³/ha (Doerfler et al., 2017), and the strategy decreased the 

previous differences in beetle and fungal communities caused by earlier management. This 

land-sharing approach therefore promotes the diversity of  saproxylic organisms and confirms 

the findings that the total amount of  dead wood is of  utmost importance for saproxylic 

organisms (Seibold et al., 2017). The positive developments showed that this integrative 

strategy is efficient and should therefore be implemented at even larger scales. This is 

regardless of  the previous management intensity, as we found the greatest change in gamma 

diversity and community composition in forest stands with historically intensive management. 

Nevertheless, the application of  this strategy requires the forest company to sacrifice 60–80 €/

ha in sales per year (1–1.4 m³ dead wood created per ha per year) throughout the entire study 

area (local state forest manager, personal communication). In addition, we would like to stress 

the following limitations of  the applied strategy. Many saproxylic species have specific demands 

regarding tree species, size of  dead-wood debris, decay stage, and type (snag or log) of  dead 

wood (Stokland et al., 2012). As dead wood in the study area is enriched mostly during 

harvesting (Doerfler et al., 2017), it cannot be ensured that the creation of  dead wood follows 

specific patterns needed to enhance specific, especially endangered, species (Pasanen et al., 

2018). By applying the same management regime in the entire study area, plots tend to become 

more and more similar, which could possibly reduce overall diversity as a result of  decreasing 

beta diversity. This issue should be addressed in further studies. Creation of  canopy gaps 

during harvesting might be a way to counteract homogeneity, as canopy openness is important 

for a number of  saproxylic organisms, also in beech forests (Bouget et al., 2013; Kraut et al., 

2016). Moreover, a passive or even active (by thinning and induction of  premature senescence, 

Speight 1989) increase in large veteran trees might add additional microhabitats for endangered 

saproxylic organisms, particularly those living in dead wood of  large dimensions and in hollow 

trees (Schauer et al., 2017).
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4.6 Appendix

S4.1 Study Limitations

We analyzed data from two sampling campaigns, which were separated by ten years. 

Therefore, differences between years can be correlated to the respective sampling year. 

Insufficient temporal replication is a known problem in ecological studies (see Harborne et al., 

2008), with the exception of  locally restricted studies (Martikainen & Kaila, 2004; Habel et al., 

2016). It affects especially taxa which are highly variable in abundance and species richness 

from one year to another (Scott & Anderson, 2003; Martikainen & Kaila, 2004). Similarly to 

our findings, an independent study on saproxylic beetles in hollow trees in our study area 

found significantly less individuals in 2014 with standardized sampling as in 2015 (Schauer et 

al., 2017), which supports the view of  an unfavorable deadwood insect year in 2014. The 

higher species number and beetle abundance in 2004 is therefore probably a result of  the 

exceptional dry and warm summer in 2003 (Fig. S4.1.1) providing excellent development 

conditions for saproxylic beetles, in contrast to unfavorable conditions in 2013, where 

precipitation was higher and temperature lower, than the according mean values. We 

circumvented this problem by analyzing gradients inside each sampling year and comparing the 

differences in the gradient structures of  the three plot categories. Furthermore, we tested 

consistency of  the results with artificially reduced data sets (S4.7 & S4.8). We are thus 

convinced that our main results are not affected by the fluctuation in population densities 

between the two study years. 

Fig. S4.1.1: Mean temperature [°C] (A) and mean 
precipitation [l/m²] (B) for Ebrach (within the study 
area) between 2000 and 2016. Red bars highlight 
sampling years 2004 (before treatment) and 2014 (after 
treatment). Data was recorded by the German 
Meteorological Service (DWD) and provided by http://
skilma.de.
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Supporting Information S4.2 Gamma diversity q = 1

Fig. S4.2.2: Gamma diversity (q=1) of  saproxylic beetles and wood dwelling fungi for each management category 
(intensive, intensively managed; moderate, moderately managed; reserve, strictly protected) before and after 10 
years of  dead-wood enrichment. (a). Gamma diversity is shown for sample size = 24 (24 intensive, 24 moderate, 
21 reserve). Sample coverage (b) is shown for each diversity estimation. 95% confidence intervals obtained by 
bootstrapping with 200 replications. Differences between the categories reach significance when 95% confidence 
intervalls do not overlap.
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Fig. S4.2.3: Gamma diversity (q=2) of  saproxylic beetles and wood dwelling fungi for each management (intensive, 
intensively managed; moderate, moderately managed; reserve, strictly protected) before and after 10 years of  dead-
wood enrichment (a). Gamma diversity is shown for sample size = 24 (24 intensive, 24 moderate, 21 reserve). 
Sample coverage (b) is shown for each diversity estimation. 95% confidence intervals obtained by bootstrapping 
with 200 replications. Differences between the categories reach significance when 95% confidence intervalls do 
not overlap.
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S4.3 Extreme old growth specialists

Fig S4.3.4: Occurrences (sum of  records per 
plots) of  “extreme old-growth specialist” 
beetle species and primeval forest relict beetle 
species before and after treatment These very 
exigent species are part of  the “old-growth 
specialists” in the main manuscript. However, 
due to their demands to their habitat they can 
be seen as good indicators for a near to nature 
state of  a forest. 

Table S4.3.1: Occurrences of  each saproxylic 
beetle “extreme old-growth specialist” per 
category and sampling year. 
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S4.4 Wood-inhabiting fungi, old growth specialists

Fig. S4.4.5: Occurrences (sum of  records per 
plots) of  “old-growth specialist” fungi species 
before and after treatment. The tinder fungus 
(Fomes fometarius) is shown separately. 

Table S4.4.2: Occurrences of  each wood-
inhabiting fungi “old-growth specialist” per 
category and sampling year. 
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S4.5 Sample coverage, guild analyses

Fig. S4.5.6: Sample coverage of  saproxylic beetles (a,c) and wood dwelling fungi (b,d) by guilds for each 
management category (intensive, intensively managed; moderate, moderately managed; reserve, strictly protected) 
before (a,b) and after (c,d)10 years of  dead-wood enrichment. Gamma diversity is shown for sample size = 24 (24 
intensive, 24 moderate, 21 reserve). Sample coverage is shown for each diversity estimation. 95% confidence 
intervals obtained by bootstrapping with 200 replications. Differences between the categories reach significance 
when 95% confidence intervalls do not overlap.
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S4.6 Reduced data sets Saproxylic beetles (2004) and wood-inhabiting fungi (2014)

Fig. S4.6.7: NMDS scores of  management category centroids for randomly reduced (1000 randomizations) 
saproxylic beetle data set in 2004 (before dead wood enrichment). The number of  occurrences was reduced to 
occurrences of  2014 (1496 – 1860 original occurrences). Confidence limits for ellipses are 0.95. Differences 
between categories in 2004 remained significant after reducing the dataset to the occurrences of  2014 (F ≥ 1.44, p 
< 0 .05, R² ≥ 0.04)
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Fig. S4.6.8: NMDS scores of  management category centroids for randomly reduced (1000 randomizations) wood-
inhabiting fungi data set in 2014 (after deadwood enrichment). The number of  occurrences was reduced to 
occurrences of  2004 (before treatment, 1456 – 2032 original occurrences). Confidence limits for ellipses are 0.95. 
Differences between categories remained significant after reducing the 2014 dataset to the occurrences of  2004 (F 
≥ 1.56, p < 0 .01, R² ≥ 0.05)

 S4.7 – Dead-wood amounts in historical management categories per sampling year

Table S4.7.1: Table of  absolute and relative dead-wood volume sums (m²) in the three historical management 
categories intensive, moderate and reserve before (2004) and after ten years of  dead-wood enrichment (2014). 
Relative volumes were calculated in relation to the dead-wood volume in the reserves in the according sampling 
year.
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S4.8 – NMDS calculated with abundance data.

Fig. S4.8.9: NMDS ordinations of  (a, c) saproxylic beetle and (b, d) fungal communities (a, b) before and (c, d) 
after 10 years of  dead-wood enrichment. All NMDSs were calculated with 4 dimensions. Note that each 
spiderplot shows the centroid of  the respective management category (intensive, intensively managed; moderate, 
moderately managed; reserve, strictly protected).
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Chapter 5: General Discussion

In the previous chapters 2 and 3 I found declines in lentic water beetle and macro-moth 

communities. Water beetles living in small to middle-sized water bodies in southern Germany 

decreased in diversity and abundance with shifts in community compositions. In forest-

dwelling moths, I found clearly declining species numbers, abundance and biomass. Dietary 

specialists and dark coloured species declined more severely than dietary generalists and light-

coloured species. However, species numbers increased at one location with a management 

strategy (coppice with standards) which has become rare in Europe. This indicates that certain 

management strategies could mitigate insect decline. This is in line with the results in Chapter 

3, where I showed that an integrative nature conservation strategy can change diversity and 

community patterns of  saproxylic organisms so that they resemble protected areas.

5.1 Results in the context of  the current research

The results of  Chapter 2 and 3 corroborate that the observed insect communities decline 

at a rate of  1-2 % per year and that specialists are especially affected by these declines. 

However, these trends are also visible in habitats which were considered to be more resilient 

until now. For example, recent studies found positive trends for  forest insect communities 

(Juslén et al., 2016b; Potocký et al., 2018) and freshwater insect communities (Pilotto et al., 

2020; Van Klink et al., 2020). Insect communities are as diverse as the taxon in itself. This 

means that one should be extremely careful not to over-interpret large-scale meta-analyses, and 

to consider if  the datasets which are included in the analyses comprise also all scope relevant 

taxa and habitats. Furthermore it is important to account for possible, complex sampling 

histories in order to draw robust conclusions (Welti et al., 2020). Especially regarding 

conservation and possible conservation strategies it is important to have knowledge about the 

development of  the communities at the local and regional scale (Primack et al., 2018). 

However, this information is often missing or too limited in time or space. With Chapter 2 and 

3, I try to bridge this gap in missing diversity development data at local and regional scales. It is 

postulated that at local scale biodiversity remains stable because of  the arrival of  non-native 

species (Vellend et al., 2017b). However, I could not detect the arrival of  non-native species on 

my study sites. Although new, warm-adapted species appeared over time (e.g. Hydrovatus 

cuspidatus, which is a warm-adapted species known to increase in central/northern Europe 

(Scheers, 2014)), they could not compensate for the general loss of  species. As this principle 

was developed for plants and vertebrates (Vellend et al., 2017a; Primack et al., 2018) it might 

not be easily applicable to insects. Furthermore, the generality of  this principle has also already 

been questioned (Cardinale et al., 2018). Results in Chapter 3 show that local moth diversity 

increased significantly in a coppice with standards forest between the late 1970s and today. 
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However, this is probably not due to an increase of  non-native species but merely reflects the 

ecological value of  coppice with standards management. Coppice-with-standards forests 

feature regular dynamics of  changing light and thus temperature regimes (Baeten et al., 2009). 

Consequently, the coppicing in that area can be regarded as a conservation strategy. However, it 

is important to create mosaics of  different coppicing stages in order to support high diversity 

of  different taxa (Weiss et al., 2020). In addition to the positive effects on moth communities 

coppicing can also promote unique assemblages of  saproxylic beetles  (Vandekerkhove & 

Thomaes, 2015). However, for saproxylic species diversity, not only the micro-climate (e.g. light 

availability) but especially the habitat amount (e.g. dead-wood volume) is often the limiting 

factor in managed forests in Central Europe, were human activities reduced the availability of  

dead wood remarkably (Lassauce et al., 2011). The results in Chapter 5 showed that constant 

addition of  dead wood in managed forests can help to align the patterns of  managed forests 

with patterns of  forest reserves. Thus, dead-wood enrichment might help to mitigate declines 

of  saproxylic organisms in forests.

5.2 Trends in insect communities – possible causes

Although during the last decades an increasing number of  studies showed mostly 

negative trends in insect communities (Wagner, 2020 and references therein), the causality for 

these trends is still unclear. However, most scientist agree at least on one aspect, that these 

declines have anthropogenic causes (Ripple et al., 2017). These causes can be grouped into 

climate change related factors like temperature and atmospheric carbon dioxide levels, and into 

management related factors like nitrogen input, pesticides and land use change in general 

(Chapter 1). As insect decline already started in the second half  of  the twentieth century 

(Asher et al., 2001; Conrad et al., 2004, 2006; Thomas et al., 2004b), it is probable that factors 

like agricultural intensification and habitat deterioration and destruction were initially 

responsible for declines (Hallmann et al., 2019). Furthermore, in many cases there was no 

acceleration or quick increase of  insect decline over the past five decades (Conrad et al., 2004; 

Dirzo et al., 2014; Fox et al., 2015). This indicates that recent environmental stressors like 

neonicotinoids, increased CO2-levels and temperature are not per se responsible for the 

decline, at least in Europe (but see Frampton & Dorne, 2007). The results of  Chapter 2 

suggest that a combination of  decreasing habitat availability and increasing nitrogen input 

drives water beetle declines. More precisely, moor-species are threatened by desiccation of  the 

moor-habitats. In addition, increasing nitrogen input leads to a deterioration of  the habitat 

quality. On the other hand, raw-soil specialists are dependent on a constant creation/

appearance of  suitable habitat. This should be considered in conservation planning (see 

below). It is less intuitive to interpret the results of  Chapter 3 regarding the causes of  declines 

in moth species richness, due to a lack of  environmental variables available for this data set. 

However, the stronger decline of  dark species and of  habitat specialists suggests that there 

might be multiple causes for the decline. Light colour is known to be positively selected with 
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global warming (Zeuss et al., 2014). Even though it is unclear, how this phenomenon should 

affect nocturnal ectotherms like moths, it has recently been shown that moth coloration varies 

with elevation and thus with temperature (Heidrich et al., 2018; Wu et al., 2019). Hence, the 

stronger decline of  dark moths in Chapter 3 might be caused by a temperature increase, which 

would be a direct cause of  climate change. Note that this suggestion is rather hypothetical due 

the lack of  information on changes in temperature on the observed study sites. A decrease of  

dietary specialists and partly even an increase of  generalists suggests changes in the plant 

communities in forests. These trends are probably driven by homogenization of  management 

practices (e.g. even-aged high forest management) and increasing nitrogen inputs, which in turn 

leads to a homogenization of  plant communities (Keith et al., 2009; De Schrijver et al., 2011; 

Dirnböck et al., 2014; Reinecke et al., 2014). On the other hand, there are also indications for 

increasing air quality. For example, species richness of  Erebidae increased over time. This 

family contains a multitude of  species feeding on lichens, which react negatively to air pollution 

(Pescott et al., 2015). The fact that lichen feeding species increase is therefore an indication for 

an increase in lichens and thus increasing air quality. This pattern was also observed in the 

Netherlands and the UK (Conrad et al., 2004; Groenendijk & Ellis, 2011; Fox, 2013). Thus, 

most probably, declines (and rarely increases) are driven by complex interactions between 

climate change related and management related factors. Equally complex experimental 

approaches would be required in order to disentangle these effects reliably.

5.3 Current development and conservation

There is more and more evidence that insect communities are declining (Montgomery et 

al., 2020; Wagner, 2020), and I showed (chapters 2 & 3) that they even do so in habitats, where 

indications were positive so far. Nevertheless, scientists are still calling for more data in order 

to further increase our knowledge and to validate the currently observed trends (Habel et al., 

2019a; Kunin, 2019; Thomas et al., 2019). This call is completely legitimate, and it is indeed 

important to continue to collect data in a standardized way in order to continue or set up good 

time-series data. However, scientists as well as politicians should not forget to investigate 

practical and appropriate conservation strategies before there is nothing left to preserve 

(Lindenmayer et al., 2013; Forister et al., 2019). Protection of  at least small patches of  habitats 

is often not effective enough in order to protect insect communities as e.g. negative spill over 

effects from adjacent land can happen (Hallmann et al., 2017; Rada et al., 2019). Thus, studies 

as described in Chapter 4 are important in order to prove the efficiency of  conservation 

measures. This is especially true for certain habitats like forests, where only few such studies 

have been done so far (but see Merckx et al., 2012; Heikkala et al., 2016). However, also the 

increasing number of  natural disturbance events in forests (Senf  & Seidl, 2020) can be a 

chance for more dynamic and habitat amount (e.g. dead wood) in European forests, which to 

some extent could be seen as a natural conservation measure. In open habitats, there is 

research on effects of  conservation efforts on insect biodiversity e.g. in agro-environmental 
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schemes (Thiere et al., 2009; Boetzl et al., 2019; Krimmer et al., 2019) in lentic water bodies 

(Marchetti et al., 2010) or in urban habitats where potentials of  roadsides are being investigated 

(Mody et al., 2020). For all these management approaches it would be advisable to schedule 

long-term monitoring schemes in order to study how long the respective measures show 

positive effects and if, or at which time another intervention would be needed. Studying insect 

communities is indispensable in order to develop evidence-based management strategies. 

However, there is also the problem how to interpret and communicate the findings. The 

narrative of  scientific studies has increasingly become alarmistic based on misinterpretation of  

the data or without sufficient proof  of  the fact that the observed trends are indeed as startling 

as interpreted (Lister & Garcia, 2018; Leather, 2019; Sánchez-Bayo & Wyckhuys, 2019). This 

trend to over-emphasize insect decline has already been pointed out (Cardoso & Leather, 2019; 

Cardoso et al., 2019; Komonen et al., 2019; Simmons et al., 2019; Montgomery et al., 2020), 

and recently a publication by Saunders et al. (2019), urged scientists to come back to a more 

scientific, evidence-based narrative. Thus, it should be also best practice to report, that there 

are taxa or species which are not declining (see Brooks et al., 2012; Hunter et al., 2014; Wagner, 

2020). Such balanced narratives are important in order to assure science driven conclusions and 

consequently evidence-based management decisions with broad support from the general 

population.

5.4 Analyses of  temporal insect communitiy data

When authors criticize the discourse and lack of  data, another major point of  criticism is 

data analyses and the possible interpretations of  certain analyses (Didham et al., 2020 and 

references therein). The study design is one important criterion when it comes to possible 

analyses and possible interpretations of  those. In Chapter 4 I analysed a data set which features 

2 points in time. This makes direct assessment of  development of  insect communities over 

time virtually impossible, because of  the yearly fluctuations, that can occur by one or two 

orders of  magnitude from generation to generation (r-selected), in nearly all insect populations 

(Scott & Anderson, 2003; Martikainen & Kaila, 2004; Wagner, 2020). In order to get reliable 

results from such a sampling scheme, the plot number would have to be higher than 200, 

which was shown for pollinators (Lebuhn et al., 2013). Therefore, I opted for a comparison of  

within sampling year structures, rather than a direct comparison. However, the sampling 

design  featuring plots in three different historical management categories might be adequate 

for a real-time series in the future in order to study the development of  the communities in a 

forest where an integrative conservation strategy is applied (see Doerfler et al., 2017). The 

temporal extend of  the data in Chapter 2 is more appropriate because it extends over 2-3 years 

of  water body samplings in each of  the three sampled decades (1990s, 2000s, 2010s), thus 

making the detection of  trends more likely and reducing the odds of  false trend detection. 

However, the number of  sampled years (7 years) is still too low in order to perform proper 

cross validation (Arlot & Celisse, 2010) or left and right censoring analyses (Fournier et al., 
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2019; Didham et al., 2020). Recent analyses show that 10 to 15 single sampling years are 

required in order to detect non-random trends in abundance through time (White, 2019; 

Didham et al., 2020). Furthermore, it would be advisable to include new water bodies which 

match the characteristic of  raw-soil water bodies along the time series in order to study if  those 

specialist species are still present at the landscape scale. If  this is not done, the loss of  species 

can only refer to the studied habitat patches and remains unclear at the landscape scale. 

Including new sampling units to such studies should be a viable approach for most ephemeral 

habitats or habitats which undergo succession faster than the actual time-series. The dataset 

used in Chapter 3 fitted the requirements of  a minimum of  10 individual sampling years 

(White, 2019) as it spanned over 41 years with 20 or more sample years (depending on the 

subset). Additionally, cross-validation as well as right censoring was applied and showed the 

consistency of  the results. One downside of  this data set is that over whole Bavaria the study 

plots are neither temporally nor spatially equally sampled. In fact, the data set is merely an 

accumulation of  plots sampled over time with nearly 100 plots sampled only once and 50 plots 

sampled only twice during the whole study period. This shows how difficult it is to gather data 

with optimal spatio-temporal cover. However, the strategy of  analysing a few constantly 

sampled plots and complement these analyses by less frequently sampled but spatially more 

extensive plots (as applied in Chapter 3) is not far away from what Didham et al. (2020) 

recommend in order to get reliable results. 

5.5 Future directions

Studying and verifying insect decline is a difficult problem (Wagner et al 2020) and will 

most likely also be difficult in the future. It is not possible to observe every aspect of  insect 

community development with climate change under laboratory conditions. The huge variety of  

landscape factors, which influence communities, and the sheer size of  ecosystems make an 

entire reconstruction in laboratories more or less impossible. Furthermore, the annual decline 

rates in species richness and abundance seem to be quite subtle (1-2 %) at the moment 

(Conrad et al., 2006; Hallmann et al., 2017; Rada et al., 2019; Wepprich et al., 2019). This 

means that it takes a few decades until the losses become apparent. Nevertheless, they can still 

be calamitous before becoming apparent (Wagner, 2020). This is why it needs immediate, 

monitored actions in order to buffer the loss of  insects as good as possible (Forister et al., 

2019). At this point it is important to mention that even if  conservation efforts need to be 

harmonized at larger scale, they have to be adapted to the local conditions (Primack et al., 

2018; Pilotto et al., 2020). It is important to acknowledge that there are differences between 

biota, and to try to understand possible reasons for these differences. Thus, conservation 

efforts should be wisely chosen in order to take account of  different biota and to avoid 

negative effects of  the applied measures on target or non-target taxa (Habel et al., 2016a). 

Furthermore, conservation at the local scale is not only important in order to preserve species 

richness but also for preserving ecological processes, functional and phylogenetic diversities 
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(Pearson, 2016). Thus, even if  one might find stable or increasing trends in insect richness it 

does not mean that conservation efforts should be stopped, as there may be other aspects of  

the ecosystem which are still impaired. Consequently, in the future not only species richness 

but also other aspects like species turnover indices should be analysed in time-series data 

(Hillebrand et al., 2018). Case studies remain the backbone of  biodiversity projections in the 

future (Sala et al., 2000; Warren et al., 2018), thus the maximum of  habitats and taxa should be 

sampled and analysed at every possible scale in order to be able to get reliable forecasts for 

biodiversity developments. With a multitude of  scientific baselines for conservation of  insects 

one should not forget that it is only one of  several shortfalls which conservationists have to 

overcome. Public awareness about the importance of  insects in ecosystems and political will 

for their protection will be crucial for effective insect conservation today and in future 

(Cardoso et al., 2011). 

5.6 Conclusions

This work might give the reader the impression, that more questions are left open then 

answered. However, it represents a substantial addition to the knowledge about insect decline, 

possibilities to counteract it and illustrates which pitfalls should be avoided if  possible, in order 

to produce reliable results. It shows the development of  insect communities in habitats and 

taxonomic groups which were under-sampled in at least the studied habitats and indicates that 

insect decline is a general pattern even in habitats which have been shown to be more stable in 

the past. Documenting and studying insect communities in their natural habitat will always be 

challenging because of  their complexity and the multitude of  factors affecting the communities 

and each other. Thus, it will be important to cope with analytical problems in the future and to 

perform analyses with caution in order to get reliable results. For example, time spans of  data 

sets should be maximized while checking for robustness of  the results using left, right-

censoring and cross-validation techniques. Nevertheless, the knowledge gaps that are still 

existing should not be an excuse for a lack of  action. Contrary, since we are not able to assess 

the magnitude of  species loss, conservation efforts should be implemented immediately based 

on the knowledge we have so far. Conservation efforts paired with a constant monitoring may 

be the only chance for certain species, communities, or even habitats to cope with the changing 

world we are living in.
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