


Table of content

TABLE OF CONTENT ...teutteettteiereerenerrescreesernssessssrasssensersssssnssssnsssnssssssesssssssssssnsssnsssssserssssassesssssansesnssesnssssnssanne 1
LIST OF ABBREVIATIONS .....ccucieuiiteirteeettarrenierenerencrrnssessssenssesassssssssnsessnssssssssssessasessssssnsssssssnssssnsssnssssassssnsensnnes 2
ZUSAMMENFASSUNG......ccccituiiiunettnnerteneracrancetasersssessssessscsassssssessssessssessssssssssssessnsessssessssssssssssessssssnsssnssssnsesas 3
ABSTRACT ...ceuiitiitnirenerteeetteneraeerareeresessssssnssssnsssnssssssessssssnssssnsssasssssssssssessssssnsssnsssnnsssanssnssssnsesansssnssssnssssnssnnne 4
INTRODUCGTION ..tttittuiitnnicruciencsessssnsersscsrasssssssssssssssessnsssssssssssssssssnsssssssssssssssssssssssssssnssssssssssssnssssnsssassssnssssnses 4
MATERIAL AND IMETHODS . ... e iteiittertnitteeirteeerensreesrensstessesssessssssssssenssessssssssssssenssssenssssssssssssnssenssssasssensensnnes 8
OVERVIEW OF THE MODEL 11tuueieeettttuueeeessesssuneseeesssssnnnasessssssssnnneseesssssssnnaseesssssssnnaesesssssssnnsesssssssnnnssessssssssnnaessessssannnn 8
PUIPDOSE.c.ccoeeeieeeeeeeeeeeeeeeeeseeeteeee ettt ettt ettt ettt ettt sttt 4 s sttt 4444444t tb st s st st s s st s st s e ts e e s 8
RY(of =RV o o] o] [X 0o oo RYore ] (=2 OO TP 9
Process overview and SCAEAUIING ............cocueeeueerieieeeeeeeee ettt ettt e e 9
(D=2 RN 9
DSIGIN CONCOPTLS. ...ttt ettt e e ettt et e e e ettt e e e e e e e ss et e e e aeeaesasssneeaaeeesaassneeeeas 9
DIETAILS «.etttttteeeeeeeeettiee e e e et ettt eeeeeesestbt e aeeeesessasaaaaeessassnnnsaessssstaanseesssssasannaseesssssnannsesesssstsraasessssrttnnseeeeerersnnnnnaes 11
Initialization AN PArAMELEIIZATION ............ccceveeeeeeeeeeeee et e e s cte e ettt eeetteaeestesaeesseaeesssssseesssssaeessseseesasses 11
L] 21 | PP PRSPPSO 12

RYV ] g Lo e [=d KPP 12
SIMULATION EXPERIMENTS «eueeeeteeeieieieteeeeeieteeeeeeeeeeeeeeeeeeeeseseseseseseseeeeeseseeeseseseseseseseseseseeeteeeeeeessessesersresesseeseseseeeeens 14
HYPOTHESIS TESTING AND MODEL EVALUATION ..vvvvvveverererssesssesessssssssssssssssssssssssssssssssssssssssssssssssssnssssssssnsssnsnsssssssssesessns 15
TemMPOral SCAIE-AEPENUENCE.................eeeeeeeeeeeeeeeeeee ettt e e e ettt e e e e e e sttt a e e e e e st essbasaaaaesessstasesasaaeaas 15
SPAtIA] SCAIE-AEPENUECNCE ...ttt e et e e ettt e e e et e e et aeeeas s e e e s astesaeaasssaeasssaaan 15

R elol (Al ol [ 1 =Je o g =X 3PP 15

DATA ANALYSES AND VISUALIZATION .1vvvvvvveveevessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnesesssesesesens 15
RESULTS ..o etiiiitnieteeereaereneesnscrescessssnserensessssesassssssssnssssnsessssessssssssssssssenssssssesassosnssssnsssnssssssesnssssssssnsesensesansenns 16
TEMPORAL SCALE-DEPENDENCE cvvuteteeerstttuteeseeesessnneaaseesssssnnsnseeessssssnnnsseeesssassnnsaseeessssnsnnsesessssssnnssesesssssnnseseesesssnnnnnees 16
SPATIAL SCALE-DEPENDENCE ... eeeeeeteeeieeeieieieieeeeeeeeeeeeeeeeseeeeeseeeeeseseteeeteeeseseseteseseseseseseseseseseteeeeseeeeesessesssesesseesssssesseens 17
SPECIES CATEGORIES. ..eeevtrtuueeeeeereestseeeeerersessneeeeesesssssnasessrssssssnsesesssssssssseesesssssssnnnsesesssssssseesessssstmeseeesssssnnneeessssnnnnn 18
Shared Model SIMUIGLIONS .........cccocoeeiiieiiiiiiiiiiii ettt ee e evevsvssasaeees 18
SePArate MOAE! SIMUIGTLIONS ...........oeeeeeeeeeseeeeeeee et e e ettt e st e e ettt e e e ettt e e e eataasssseaaaassesasssseaeassseaaan 19
DISCUSSION ....ccuiieuirrnereeiernecrencrressenserenssressersssssssesssssenssssssessssssssssssssenssssssessssssssssssssenssssssssnsssnssssasssensesnnssnns 22
TEMPORAL SCALE-DEPENDENCE ... utttvttteeeeesunteeeeeesssssausnneeasesssassssneesesssssssssesesesssssssnsseseessssssssnsnseeeeeessssssnsseenessssnnnn 23
SPATIAL SCALE-DEPENDENCE ... uevuttrteteessseuntteeeeessessasssneeaeeesssasasnseeeeesssssasssssesessssssssssssesesssssssssnseseeesesssssssssseeeeessensnn 24
SPECIES CATEGORIES. .. vvtttteesseseururereeeeessasunsreaeessssssassssseaesesssassssesstesssssassssseeesssssssssssseeeessssssssseseeesesssssssnseeeessssnnnnn 26
Shared Mmodel SIMUIGLIONS ...........cccoooveeeiiiieieiie et 26
SepPArate MOAE! SIMUIALIONS ........cccccneeeeieeee ettt ettt e e e ettt a e e e e ettt aaaeeeesssssaseeasesesassssenaaaaeaas 27
MODEL LIMITATIONS AND POSSIBLE EXTENSIONS .vvvvvvvvererersrssesssssssesssssssssssssessssssssssssssssssssssssssssssssnssssssssnssssssssssssesesesens 28
[IVIPLICATIONS ..eeeeetttuuieeeeeeeteuteeeeeeessssuneaeeeesssssnnnaeeessassnnnnsaesssssssnnssesessssssnnnnseesssssnnnnsesessssssnseseesssssnnnseeeessessnnnnnens 29
CONGCLUSIONS ... ctuieienietenettacesnetsncesasessescsssersssersssesssssssssssssssssssssssssssssssessssssnsessssessssesssssssesassesassssnsssnssssnsesanss 30
ACKNOWLEDGMENTS.....ccuiitiitneienietenettncerneeesnserasserssessnsessssesnsessssesssessssessssssnsessssssassssnsssnsessssssnssssssessnsssnsens 31
LITERATURE.....ccuittiiteiitieiiructenirenerrencieaceressernsssseserssssensesasserassssssssassssnssssssssassssassssnsssnssssasssnsssnssssnssssnsesnnssnns 31
SUPPLEMENTARY MATERIAL ..c.ttuiiieiiteietuneitnietenceteserseserssessncerssssssssssssessssssssessssssssssssssssresassesassssnsssnssssnsesanes 39
IMIATERIAL AND IMIETHODS .. eetvttteteeeeeeertttnseeeeesssssnneseesssssssnenesesssssstsnseeesessssssnnnesessssssssnesesesssssnsneseeessssnnnseeeesssssnnnnnees 42
Creation of @NVIrONMENTAI-VAIIADIE ................ccccuveeeeeeeieeeeeeeeiie ettt eettteeettteseeeetteaeestsaeeeaasaseeessssseasssseans 42
STATEMENT IN LIEU OF AN OATH ...cuueruirenireneteneeeeecerecernncrenseressessscesssesssssenssrssssssssessssssrsssssesassssnssenssssnsssanss 43



List of abbreviations

SLOSS debate
1180

t300

Tab.

Fig.

HAH

env.-var.

several small or single large debate
time step 180 of the model simulations
time step 300 of the model simulations
table

figure

habitat amount hypothesis

environmental-variable



Zusammenfassung

Biodiversitit ist fiir die Aufrechterhaltung von Okosystemleistungen sehr relevant, sie wird jedoch
zunehmend bedroht. Eine der wichtigsten anthropogenen Bedrohungen fiir die Biodiversitat sind
Landnutzungsanderungen. Dennoch sind die genauen Auswirkungen von Landnutzungsanderungen
auf die Biodiversitat noch immer kaum bekannt. Wahrend bekannt ist, dass der Verlust von
Lebensraumen ein Hauptgrund fir das Aussterben von Arten in fragmentierten Landschaften ist,
wird die Auswirkung der Fragmentierung per se, welche definiert ist als die Verteilung einer
Landschaft auf mehrere Fragmente bei konstanter Habitatmenge, auf die Biodiversitat immer noch
diskutiert. Es wurden mehrere Erklarungen geliefert, die moglicherweise die scheinbar
widerspriichlichen Ergebnisse der Auswirkungen der Fragmentierung per se auf die Biodiversitat in
der Vergangenheit erklaren. Dazu gehéren raumliche und zeitliche Skalenabhangigkeiten von
BiodiversitdtsmaRen sowie artspezifische Reaktionen auf Fragmentierung per se. Um die Verwirrung
beziiglich der Auswirkungen der Fragmentierung per se auf die Biodiversitat fir diese Faktoren
aufzuldsen, habe ich ein agentenbasiertes Modell von Artengemeinschaften in fragmentierten
Landschaften entwickelt, welches spezifische demografische Effekte beinhaltet.

Ich fand klare Skalenabhangigkeiten der Resultate fiir die Biodiversitat beeinflusst von der
Fragmentierung per se fiir zeitliche und raumliche Skalen. Zum Beispiel zeigte das Modell positive
geometrische Fragmentierungseffekte fiir Biodiversitat auf Landschaftsebene mit zunehmendem
Grad der Fragmentierung per se, direkt nachdem die Fragmentierung der Landschaft stattgefunden
hat. Am Ende der Modellsimulationen jedoch, nachdem sich demografische Fragmentierungseffekte
etablieren konnten, fand ich positive, neutrale und auch negative Effekte auf Biodiversitat fiir
zunehmende Fragmentierung per se, was zeigt, dass die Effekte der Fragmentierung per se im Laufe
der Zeit variieren konnen. Wahrend am Ende der Modellsimulationen auf Landschaftsebene positive,
neutrale und auch negative Auswirkungen der Fragmentierung per se auf die Biodiversitat in
Abhangigkeit von den einbezogenen demografischen Fragmentierungseffekten gefunden wurden,
wurden auf der Fragmentebene nur schwach negative Effekte der Fragmentierung per se auf die
Biodiversitat festgestellt. Somit zeigen diese Ergebnisse Abhangigkeiten der Effekte von
Fragmentierung per se auf die Biodiversitat fiir verschiedene raumliche Skalen. Schlie3lich variierten
die Effekte der Fragmentierung per se deutlich fiir unterschiedliche Arten mit verschiedenen
Charakteristiken fir ihre Strategien der Nahrungssuche und Entfernungen in Bewegungsmustern.
Die Resultate dieser Studie konnen dabei helfen scheinbar widerspriichliche Ergebnisse der Effekte
der Fragmentierung per se auf Biodiversitat zu verstehen. Dariber hinaus skizziere ich, wie weitere
uneindeutige Erkenntnisse der Vergangenheit in Bezug auf Fragmentierung per se aufgelost werden
kénnen, und diskutiere angemessene Ansatze fiir zuklinftige Studien zur Fragmentierung per se.
SchlieRlich kénnen die vorliegenden Ergebnisse dabei helfen geeignete Konzepte fiir den Artenschutz
in der Zukunft zu schaffen.



Abstract

Biodiversity is very relevant for maintaining ecosystem services, however, it is under increasing
pressure. One of the main anthropogenic pressures on biodiversity is land use change. Nevertheless,
the exact effects of land use change on biodiversity are still poorly understood. While it is known that
habitat loss is a major driver of extinction in fragmented landscapes, the effect of fragmentation per
se, meaning the breaking apart of a landscape while keeping the habitat amount constant, on
biodiversity is still discussed. Several explanations have been furnished possibly explaining the
seemingly contradictive findings of the effect of fragmentation per se on biodiversity in the past.
Among these are spatial and temporal scale-dependencies of biodiversity measures as well as
species-specific responses to fragmentation per se. In order to resolve the confusions regarding the
effects of fragmentation per se on biodiversity for these factors, | established an agent-based model
of species communities in landscapes subject to fragmentation including specific demographic
effects. | found clear scale-dependencies of responses in biodiversity for fragmentation per se for
temporal and spatial scales. For instance, the model showed positive geometric fragmentation
effects on landscape-scale on biodiversity with increasing levels of fragmentation per se right after
fragmentation took place. However, at the end of the model simulations, after demographic
fragmentation effects were able to establish, positive, neutral, and also negative responses to
fragmentation per se were found, showing that responses to fragmentation per se can vary over
time. While at the end of model simulations on landscape-scale positive, neutral, and also negative
effects of fragmentation per se on biodiversity depending on the included demographic
fragmentation effects were found, on patch-scale only weakly negative responses in biodiversity to
fragmentation per se were detected. Thus, these results show the spatial scale-dependencies of
fragmentation per se on biodiversity. Lastly, responses to fragmentation per se varied pronouncedly
for species with different foraging strategies and movement distances. Hence, this study helps to
understand and disentangle seemingly contradictive findings of the effects of fragmentation per se
on biodiversity. Additionally, | outline how to resolve further confounding findings of the past
regarding fragmentation per se and discuss adequate approaches for future research on
fragmentation per se. Finally, the present results can help to create suitable conservation schemes in
the future.

Introduction

Currently, biodiversity is under increasing threat from anthropogenic stressors (Sponsel, 2013) and
biodiversity loss will likely accelerate for example due to climate change (Urban, 2015) potentially
leading to a sixth mass extinction event (Barnosky et al., 2011; Pievani, 2014). This represents an
alarming perspective, as evidence was found that increased biodiversity enhances

ecosystem services like pollination, water quality, and net yields in ecosystems such as agricultural
farmlands, river streams, or grasslands (Brittain et al., 2013; Cardinale, 2011; Minns et al., 2001;
Spehn et al., 2005; Tamburini et al., 2022). Additionally, studies in the past also found a negative
effect of biodiversity loss or species extinction on multiple ecosystem services for different
ecosystems (Cardinale et al., 2006; Ehrlich & Mooney, 1983; Luck et al., 2003; Pongsiri et al., 2009;
Worm et al., 2006).

One of the main drivers leading to biodiversity and ecosystem service loss at the moment and also in
the future is land use change (Haines-Young, 2009; Hasan et al., 2020; Newbold et al., 2015;

Pereira et al., 2010). If a landscape is subject to land use change, it faces the following three main
effects (1) degradation, (2) loss of habitat, and (3) fragmentation, these, in turn, result in multiple
other changes to the biota of the concerned habitats like changes to species behavior or changes in
the interaction among multiple species (Fischer & Lindenmayer, 2007). The first effect,
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habitat degradation, results in the gradual decline of habitat quality (Fischer & Lindenmayer, 2007).
Hence, degradation predominantly leads to a reduction in biodiversity over time (Carrete et al., 2009;
Hazell et al., 2004). Secondly, the loss of habitat is generally connected to pronounced and stable
negative effects on biodiversity (Brooks et al., 2002; Fahrig, 2003; Hanski, 2011; Pereira et al., 2010).
Finally, there are the effects of habitat fragmentation. Habitat fragmentation, however, is an
ambiguous landscape characteristic neither uniformly defined nor used in research in the past
(Fahrig, 2003), hence, leading to varying results for the relationship between fragmentation and
biodiversity (Fahrig, 2017; Fahrig et al., 2019).

To understand the source of the variation in the different results in the past, Fahrig (2003) reviewed
habitat fragmentation studies and summarized that habitat fragmentation is leading to a reduction in
habitat amount (habitat loss), a decrease in sizes of habitat patches (mean patch size), an increase in
isolation of patches (patch isolation), and an increase in the number of habitat patches
(fragmentation per se). Out of these, fragmentation per se can be better described as a characteristic
of the spatial configuration of a landscape that can be defined as the breaking apart of habitat into
patches while controlling for changes in habitat amount or keeping it constant (Fahrig, 2003).

Studies in the past did not concentrate on only one of the aforementioned aspects of fragmentation
but used all four aspects as indicators of fragmentation to investigate the effects of habitat
fragmentation on biodiversity (Fahrig, 2003). While McCoy and Mushinsky (1999) for example used
patch isolation as an indicator of habitat fragmentation, Caley, Buckley, and Jones (2001) used
fragmentation per se as an indicator of fragmentation in their study. As Fahrig (2003) argued,
however, the different indicators mentioned before impact biodiversity uniquely. To avoid
overlapping of the indicators of fragmentation, fragmentation per se should be chosen to investigate
purely the effects of fragmentation on biodiversity as it is the only measure of the four indicators
that is not inherently related to habitat loss (Fahrig, 2003).

Thus, the effects of fragmentation on biodiversity should be studied, according to Fahrig (2003),
using fragmentation per se as an indicator meaning that while controlling for habitat amount the
number of habitat patches needs to be changed. Therefore, this approach is interchangeable with
the ongoing debate whether a single large or rather several small reserves (SLOSS debate) are better
for biodiversity because to answer this debate once more research needs to measure the effect of
fragmentation on biodiversity while controlling for habitat amount, which is equivalent to
fragmentation per se research (Fahrig, 2017). The SLOSS debate originates in the independent work
of Curtis (1956) and Moore (1962) on fragmentation and was developed by the theories of island
biogeography put forth by MacArthur and Wilson (1967). However, until now no answer to the
SLOSS debate has been found (Tjgrve, 2010). Furthermore, findings in the past hint that maybe no
universally valid answer to the SLOSS question may be found (Tjgrve, 2010) as results show that
specific species especially endangered species might show opposite responses to

fragmentation per se compared to the majority of other species (Chetcuti et al., 2020;

Fukamachi et al., 1996). This portrays another source of variation within studies examining the
effects of fragmentation per se on biodiversity. Nevertheless, finding answers to the SLOSS debate or
the fragmentation per se question is crucial for mankind and the probable changes in climate and
land use in the future stress the importance of the optimal conservation of biodiversity and
ecosystems even further (Dudgeon et al., 2006; Martinuzzi et al., 2014; Zwiener et al., 2017).

The effects of habitat loss and degradation are already well known as mentioned above, the effects
of fragmentation per se, however, are still widely debated (Fahrig et al., 2019; Fletcher et al., 2018).
Hence, understanding the effects of fragmentation per se on biodiversity is an urgent issue in order
to create optimal conservation schemes (Fahrig, 2019). But since many authors used different
indicators for fragmentation before the review of Fahrig in 2003, the responses in biodiversity
differed greatly in their effect size as well as their direction (Fahrig, 2003). Furthermore,
disentanglement of the effects of habitat loss and fragmentation per se often fails retrospectively,
because indicators such as patch isolation were used in the studies including the impact of habitat



loss and fragmentation per se simultaneously (Fahrig, 2003). Nonetheless, many studies still use
these problematic indicators highlighting the focus on studies concerned with the effect of
fragmentation per es once more to finally resolve the confounding results (Fahrig, 2019).

However, even studies that only use fragmentation per se as an indicator for habitat fragmentation
report a wide variety of magnitudes and directions of effects of fragmentation per se on biodiversity.
There are multiple possible causes for these uncertainties, one is that species respond differently to
fragmentation per se, as was shown by Chetcuti et al. (2020) for endangered species.

Furthermore, responses to fragmentation per se are measured at patch- or landscape-scales,
nonetheless, authors compare the findings even if no inference can be drawn to another scale
(Fahrig, 2003; McGarigal et al., 2016). According to Fahrig et al. (2019) results at the patch-scale
cannot be scaled up to the landscape-scale for two reasons. Firstly, this does not allow for the
separation of the effects of habitat amount and fragmentation per se. Secondly, the assumption that
mechanisms on patch-scale can be applied without adjustments to the landscape-scale is an
oversimplification. For instance, mechanisms might change their magnitude or even direction when
considered at a different spatial scale or could be counteracted by other mechanisms that did not
occur on the former scale.

Another reason that patch-scale measurements of biodiversity cannot be scaled up to landscape-
scale is the effect of landscape heterogeneity on different measures of biodiversity discussed by
Tscharntke et al. (2012). They discussed that an increase in spatial heterogeneity that almost
certainly occurs by fragmenting habitat area into several smaller habitat patches also leads to an
increase in the degree of dissimilarity between the resulting communities. Thus, beta-diversity can
increase. Alpha-diversity, on the other hand, may decrease for example due to smaller habitat areas
supporting fewer species with increasing levels of fragmentation per se. Hence, this can lead to
negative effects of fragmentation per se on patch-scale but pronounced positive effects for the
landscape-scale. Therefore, this makes the scaling up of patch-scale results for biodiversity
measurements in response to fragmentation per se to landscape-scale impossible (Fahrig, 2003).

Another source of confusion in research on fragmentation per se is due to the fact that results may
differ significantly depending on the timepoint of biodiversity assessment after the fragmentation of
a landscape takes place (Ewers & Didham, 2006; Raheem et al., 2009). Thus, varying results over time
were found by Bierregaard et al. (1992) in a rather short-term study and also by Stouffer and
Bierregaard Jr. (1995) in a medium-term study. All of these changes over time are due to
demographic fragmentation effects, defined as effects that change individuals’, species’ or rather
populations’, or communities’ dynamics in response to fragmentation including generally changes for
example in population density and growth, survival probability and recruitment rates or more
specifically for instance for birds changes in dispersal, fecundity, and nesting success (Dooley Jr. &
Bowers, 1998; Fahrig, 2017; Lampila et al., 2005).

However, there are also the so-called geometric fragmentation effects that are not dependent on
demographic dynamics and can be defined as the effects depending only on the spatial configuration
of the landscape and species distributions relative to this configuration in response to fragmentation
(May et al., 2019). The importance of geometric fragmentation effects has been known for a long
time (Diamond, 1975; Quinn & Harrison, 1988), however, most of the time it was discussed
retrospectively enabling only inferences on the quality of the effects (Seibold et al., 2017; Tscharntke
et al., 2002). Thus, for example, Tscharntke et al. (2012) highlighted the importance of quantifying
these geometric fragmentation effects to be able to discuss their importance by comparing them to
other effects of fragmentation per se. Nevertheless, only recently more effort was made to quantify
geometric fragmentation effects (May et al., 2019). To be able to quantify geometric fragmentation
effects exclusively, biodiversity measures have to be taken right after fragmentation takes place but
before any demographic effects can develop. As geometric fragmentation effects arise solely by the
spatial configuration in fragmented landscapes, it is assumed that fragmentation creates two types of
area, one type that may support survival as long as the needed niche is available and the other type



not supporting survival in general. In accordance with Lindenmayer and Fischer (2007) and Fischer
and Lindenmayer (2007), | call the area that potentially supports the survival of species ‘natural
habitat’ instead of habitat alone as ‘habitat’ should describe a species-specific area that allows for
species survival. However, as | am specifically interested in the effects on all species depending on
the spatial configuration, the definition of ‘habitat’ would not be suitable. The other type of area
resembles the area that is converted in its land us












































































































