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Summary

Sportive and recreational outdoor activities offer an opportunity to connect with nature and
have a plethora of positive physiological and psychological effects on humans. At the same
time, they can be detrimental to the respective natural environment. Hence, it is desirable to
uphold the positive effects on humans, while minimising negative effects on the
environment. The biggest challenge in achieving this is to identify the relevant factors
involved. These need to be studied and quantified to derive knowledge-based management

recommendations.

River ecosystems face an especially high recreation load: They are home to a variety of
species but also provide opportunity for a range of outdoor activities. | investigated potential
negative impacts of paddling activity on the reproduction of common kingfisher Alcedo
atthis and river trout Salmo trutta fario. To do so, | quantified which properties of a human
activity determine the activity’s influence on common kingfishers’ feeding behaviour. | find
that fast-moving, lingering, or loud activities affect the birds more. | also studied the effect
of paddle strokes and sedimentation on the larval development of river trout, finding no
significant impact. Neither study finds clear evidence of a negative impact of moderate
paddling activity. Due to the study designs, no statement on heavy paddling activity can be
derived. However, even small disturbances can have a strong effect on an ecosystem. | show
an example for this in a study on the progression of damage inflicted on the lichen cover of a

pristine cliff site by bouldering activity.

Technological and societal changes in the context of digitalization open novel methods to
guantify effects of outdoor sports on ecological systems. | made use of social media as a data
source to study a shift in recreational cycling behaviour induced by epidemic control
decisions at the onset of the COVID-19 pandemic. Being able to study changes in behaviour
across the entirety of Germany, | quantified differences between urban and rural regions. In
another study, | show the feasibility of video traps recording continuous footage while
employing modern computer vision methods to reduce data analysis efforts. The setup used
works fully off-the-grid, showing that video data is an interesting option in today’s wildlife

monitoring toolkit.



Zusammenfassung

Sportliche und der Erholung dienende Outdoor-Aktivitaten schaffen eine Verbundenheit zur
Natur und haben eine Vielzahl an positiven physiologischen und psychologischen Effekten
auf die Ausiibenden. Gleichzeitig kénnen sich diese Aktivitaten negativ auf die jeweiligen
natlrlichen Auslibungsorte auswirken. Es ist erstrebenswert die positiven Auswirkungen auf
Menschen zu erlauben und gleichzeitig die negativen Auswirkungen auf die Umwelt zu
minimieren. Die groRte Herausforderung hierbei ist, die relevanten Faktoren zu
identifizieren. Diese miissen erforscht und quantifiziert werden, um wissensbasierte

Management-Empfehlungen abzuleiten.

Fluss-Okosysteme sind von einem besonders hohen Erholungsdruck betroffen: Sie
beherbergen eine Vielfalt an Spezies, bieten aber auch Gelegenheit fiir verschiedene Sport-
und Erholungs-Aktivitaten. Hierzu erforschte ich potenziell negative Effekte von Paddel-
Aktivitat auf die Fortpflanzung des Eisvogels Alcedo atthis und der Bachforelle Salmo trutta
fario. Dafir identifizierte ich welche Eigenschaften von menschlichen Aktivitaten das
Flitterungsverhalten des Eisvogels maligeblich beeinflussen. Ich stellte fest, dass schnelle,
lange verweilende und laute Aktivitaiten am ehesten eine Reaktion des Eisvogels
verursachen. Weiterhin untersuchte ich auch den Effekt von Paddelschlag und
Sedimentation auf die Larven-Entwicklung der Bachforelle — konnte hier aber keine
nennenswerte Auswirkung nachweisen. Keine der beiden Studien erbringt klare Beweise fir
einen negativen Effekt von moderater Paddel-Aktivitat. Aufgrund des Studien-Designs kann
keine Aussage zu starker Paddel-Aktivitat getroffen werden. Dementgegen kénnen jedoch
auch scheinbar kleine Eingriffe groRe Auswirkungen auf ein Okosystem haben. Dies zeige ich
in einer Studie zum Riickgang von Flechtenbewuchs bei einsetzender Kletter-Aktivitat an

einem vorher nicht bekletterten Fels.

Technologischer und gesellschaftlicher Wandel im Kontext von Digitalisierung eréffnet
neuartige Methoden zur Quantifizierung der Auswirkungen von Outdoorsport auf
Okologische Systeme. Ich nutzte soziale Medien als eine Datenquelle um die Verdanderung im
Radfahr-Verhalten zu untersuchen, welche durch Vorgaben zur Seuchenbekampfung zu
Beginn der COVID-19-Pandemie hervorgerufen wurde. Somit war ich in der Lage
Verhaltensanderungen von Radfahrenden in ganz Deutschland zu untersuchen und konnte

Unterschiede zwischen urbanen und ruralen Raumen quantifizieren. In einer anderen Studie
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demonstriere ich die Macharkeit von kontinuierlich filmenden Videofallen, gekoppelt mit
modernen Methoden der Computervision zur Reduzierung des Aufwands der Datenanalyse.
Der hierfiir benutzte Video-Aufbau ist vollkommen autark, was Videofallen zu einer

interessanten Methode zur Wildtier-Erfassung macht.



Introduction

The effects of outdoor sports are multifaceted, with benefits for human physical and
psychological well-being (Kahlmeier et al. 2017, Stott 2019, BMUV Members 2021, BMUV
2023) and developing awareness for nature conservation (Bell et al. 2007). At the same time,
the potential detrimental effects on local ecosystems are not well studied. Consequently, it
is of prime interest to understand sportive and recreational outdoor activities from an
ecological and an administrative point of view (Carter et al. 2012, Zink et al. 2022). For this,
quantifying the effects of outdoor sports on ecological systems is necessary. In this
dissertation, | use emerging novel methods alongside established methods from the field of

ecological research for this purpose.

The term sport is multifaceted and is described by the Council of Europe (1992) as “all forms
of physical activity which, through casual or organised participation, aim at expressing or
improving physical fitness and mental well-being, forming social relationships or obtaining
results in competition at all levels”. The term nature is an even more complex concept,
lacking an agreed-upon definition (Ducarme & Couvet 2020). Nevertheless, nature is often
defined as including living material reality, e.g. animals or plants, and inert material reality,
e.g. rocks. Nature also includes all features, forces and processes that occur independently
of people, e.g. the weather, mountains, reproduction or growth (Cambridge Dictionary
2024). Following that description, outdoor sports are comprised of nature-based sports
carried out alfresco in corresponding natural settings (an ecosystem with all its processes
and biodiversity intact), semi-natural settings (an ecosystem with most of its processes and
biodiversity intact) or urban green spaces (open-space areas in an urban setting reserved for
e.g. parks, gardens or canopy). In contrast to outdoor sports, outdoor recreation often has
no competitive aspect and focuses on experiencing nature and stress reduction instead of
physical activity (McCullough et al. 2021). The difference between outdoor sports and
outdoor recreation is sometimes blurry, especially due to the trend of sportification
(Arnegard & Aandell 2018). In Germany, 72% of the population aged over 15 are actively
participating in some kind of sport, with 15 million people exercising via outdoor sports on a
weekly basis (BMU Beirat 2020). Moreover, the economic sector of sports contributed 2.3%
to the German GPD in 2018, making it a relevant economic factor (GWS 2021). Outdoor

sports are not only of economic value, but also present an opportunity for social activities



and individual development of self, with participants fostering their independence,
spontaneity, individuality and self-realisation (Turk et al. 2004). Additionally, sportive and
recreational activities in nature promote physical and mental well-being of participants
(Kahlmeier et al. 2017, Stott 2019, BMUV Members 2021, BMUV 2023). Quality of life and
general health are increased and movement associated health issues prevented (Stott 2019,
BMUYV Beirat 2020, Bundesumweltministerium 2021). For mental health, green
environments are more beneficial than urban grey environments, meaning areas in urban
settings without greenery (Fong et al 2017). Increased greenness is associated with stress
reduction (Bowler et al. 2010), lower likelihood of psychological distress and other positive
mental health outcomes, especially with physical activity as a mediator for stress reduction

(Hartig et al. 2014, Engemann et. al. 2019).

Sportive and recreational outdoor activities enable participants to connect with nature,
facilitating ecological understanding and awareness, and thus advocate nature conservation
(Bell et al. 2007). Outdoor activities are often concentrated in areas with high ecological
value (Turk et al. 2004). Due to transformation and homogenisation of the landscape,
induced by agricultural practices and population growth, natural habitats are already under
pressure (Ramankutty et al. 2018, United Nations et al. 2019, Ellis et al. 2021). According to
IPBES (2019), 75% of the earth’s surface has been changed through anthropological
development, 95% of wetland are lost and 25% of all known plant and wildlife species are
endangered. Therefore, it is of prime interest whether and to which degree outdoor

activities increase pressure on species or habitats.

When aiming to measure the value of ecosystem services, a number of methods with varying
scopes are available. Qualitative studies have shown that participants recognize the
enormous value of ecosystem services, but find it difficult to describe the benefit, let alone
measure it (Stalhammar & Pedersen 2017). Today’s default is to measure such services with
monetary values, which is reasonable to some degree: a sum of money is fathomable and
can describe the importance of things. It attempts to put into perspective the costs of
neglegted ecosystems and can lead to the development of guidelines and to newly protected
areas (Milcu et al. 2013). The Travel Cost Method (TCM) surveys preferences and sets them
into relation to trips made and their respective costs (Brown & Mendelsohn 1984, Smith &

Kaoru 1990). The Contingent Behaviour Method (CBM) estimates changes in human well-



being and ascribes value to them (Filippini et al. 2018). The Common International
Classification of Ecosystem Services (CICES) makes by far the most detailed measure of
value, by classifying services and addressing them in the context of human needs (Haines-
Young & Potschin 2012). Ecosystem services are classified as a providing, regulating or
cultural service, with outdoor sport being part of the latter (Kulczyk et al. 2018). However,
critics emphasise that ecosystem services are de facto priceless, as they cannot be bought or
replaced with money. This means the actual value is most likely underestimated, when using

only the proxy of monetary value (Haines-Young & Potschin 2012).

Ecosystems are key to sustaining life and provide valuable services, such as biomass
production, regulation of climate, erosion prevention or water filtration (Millenium
Ecosystem Assessment 2005). Research suggests we are currently headed towards an
ecological crisis due to massive loss of biodiversity and habitats (Pimm et al. 2014, Ceballos
et al. 2015, De Vos et al. 2015). This de-stabilizes species communities, thereby threatening
the ecosystem’s ability to provide its services. This crisis seems to be induced by humanity
(Barnosky et al. 2011, Raven et al. 2011, Rosenberg et al. 2019, Cowie et al. 2022), e.g. via
agriculture (Ruddiman 2003, Pimm et al. 2014), habitat destruction (Vitousek et al. 1997,
Teyssedre & Couvet 2007, Behutiye et al. 2020), climate change (Urban 2015) and other
factors like sealing of soil, hunting, pollution, neobiota and transmission of diseases (Harvell
et al. 2019). As we face immense loss of biodiversity and the risk of destabilizing valuable
ecosystems, it is of paramount importance to act responsibly and with foresight in all
activities and decisions concerning the environment. Studying the interactions between
humans and their surrounding ecosystem is a multifaceted field, since both, ecosystems and
the ways humans interact with them, can vary widely. Wohlgemuth et al. (2019) provide a
comprehensive overview of disturbance ecology concerning the impact humans can have on
plants and plant communities. The approach in this thesis to interactions between human

outdoor recreation and ecosystems focuses mostly on animal species.

The effects outdoor activities have on nature are diverse and are expected to expand and
increase (Larson et al. 2016, Olson et al. 2018). Sportive and recreational outdoor activities
may be more environmentally friendly than consumptive activities, such as resource
extraction. Still, outdoor activities can have negative effects on nature (Larson et al. 2016),

with e.g. recreational activities being listed as a threat to 188 bird species globally (Steven &



Castley 2013). Outdoor activities can lead to habitat degradation or habitat loss, and can
induce a variety of responses or changes in animals (Tablado & Jenni 2017). Initially,
individuals are affected, which can display behavioural or physiological changes, e.g. flight
initiation and vigilance (Mainini et al. 1993, Naylor et al. 2009) or exposure to stress (Millner
et al. 2004, Arlettaz et al. 2007, Braunisch et al. 2011). If these effects on individuals are
strong enough, they can lead to changes in survival, e.g. changes in reproductive success
(Beale & Monaghan 2005, Finney 2005), in foraging and feeding behaviour (Frid & Dill 2003)
or in spatial or temporal habitat use (George & Crooks 2006, Rogalda e al. 2011). Finally, if a
sufficient number of individuals is affected, changes in population trends or distribution can
emerge, e.g. changes in abundance (Banks & Bryant 2007, Heil et al. 2007, Reed &
Merenlender 2008) or regional species composition (Riffell et al. 1996, Kangas et al. 2010).
These numerous possible effects can affect a wide variety of species and habitats —and in
turn, an affected species can influence its community with its responses and changes.
Additionally, when tourism expands into new regions, it may add pressure on habitats
already under stress caused by climate change (Balmford et al. 2015) or other factors.
Furthermore, each sportive and recreational outdoor activity is different and can have
different effects on nature (Hennig & Kiinzl 2012). Since there is a large variety of possible
interactions of outdoor sports and nature to be studied, reliable but streamlined methods
are needed to improve time and resource efficiency. For this, a combination of established

ecological methods and novel methods can be useful.

Due to diverging individual values or activity aims, and sometimes due to research gaps,
conflicts around outdoor activities can arise on an egocentric, ecocentric or anthropocentric
level. Involved parties can be nature conservationists, sportspeople of the same or a
different activity, residents etc. Conflicts are categorized as follows: Interpersonal conflict
(Jacob & Schreyer 1980) arises when there is activity goal interference due to other
recreationists or sportspeople’s behaviour. Social value conflict (Vaske et al. 1995, Vittersg
et al. 2004) occurs when a person suspects the existence of a problem caused by other users
or their activity. The person does not necessarily observe or experience suspected problem
directly. Lastly, environmental values conflict arises when a person’s perception of other
visitors’ general behaviour or specific outdoor activity does not comply with their own
personal environmental values (Floyd et al. 1997, Noe et al. 1997, Manfredo et al. 2004,

Rossi et al. 2015).
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It is worthwhile to examine conflicts around outdoor recreation, since they can indicate an
underlying nature conservation issue. Recreationists tend to have an enhanced awareness
for nature (Calogiuri & Elliott 2017) and their collective experience can provide valuable
insights. Conflicts around outdoor activities are often about disturbing or endangering plant
or animal species by disrupting activities or developmental processes. In addition to
predators and environmental incidents, human activity can induce disturbances (Reichholf
2001, Wohlgemuth et al. 2019). In general, disturbances may lead to different outcomes,
which are categorized as follows: 1. physiological effects (increased heart rate and energy
expenditure), 2. behavioural effects (increased vigilance, movement response) and 3.
ecological effects (distribution, demographic changes due to avoidance of areas) (Reichholf
2001, Gill 2007, Botsch et al. 2017, Wohlgemuth et al. 2019). On top of this, a disturbance
may also affect species on community and population level (Pinek et al. 2020, Schafft et al.
2021). A particular kind of disturbance by outdoor activities are human-wildlife interactions,
meaning interactions between humans and animals. Such interactions are virtually
unavoidable and will happen more often in the future due to climate change and shrinking
natural habitats (Nyhus 2016). Human-wildlife interactions can be passive (e.g. objects left
behind by visitors) or active (e.g. feeding wildlife), with positive, neutral or negative
outcomes. Negative interactions, for example when humans get hurt, are often framed as
human—wildlife conflict (Bhatia et al. 2018). Tablado & Jenni (2017) present a hierarchical
model of the impact of human recreation on animals, distinguishing four levels of interaction
between humans and animals, starting with detection and ending with changes in
population trends and distribution. They argue that a disturbance must progress through
these levels in order, meaning if a disturbance does not affect the individual’s behaviour, no
effect on the population as a whole can arise. Additionally, they give a wide range of possible
factors that can affect the human-wildlife interaction at each stage, some of which | observe

in the studies presented in this dissertation.

A good example to illustrate the intricacies of conflicts in outdoor sports is paddling activity,
such as kayaking, stand-up paddling or canoeing. These conflicts are of particular interest
here, as several manuscripts in this thesis examine related issues. In the context of paddling
activity, conflicts can arise between paddlers, fishers and nature conservation. The latter
parties might be concerned about negative effects on local fauna, for example by scaring

breeding or foraging birds and fish away (Zauner & Ratschan 2004). Other concerns are
11



direct mechanical effects on fish like injuries, destruction of spawn, increased sedimentation
or turbidity. Paddling effects are suspected to lead to behavioural changes of fish such as
swarm coherence and activity phases. This would increase the risk of predation, while food
availability decreases (Zauner and Ratschan 2004). Similarly, effects on dragonfly larvae can
be critical, as sediment swirls get into the larvas’ gills and impair their respiratory system.
Turbidity may lead to developmental disorders and may drift the larvae off into untypical
habitats (Schorr 2000). Additionally, boats may spread invasive species (Stasko et al. 2012).
Even human presence by itself, e.g. while performing outdoor sports, can disturb wildlife,
change animal behaviour and may affect the animal’s metabolic system (Reichholf 2001). In
the vicinity of kayaking, swans show increased locomotion and less foraging activity,
resulting in a 34% higher energy expenditure which affects their general level of fitness
(Clausen et al. 2020). Despite these findings, the effect of recreational activities varies
depending on species and location, and it is difficult to elucidate the full extent of effects
induced by any given outdoor activity (Batten 1977, Klein et al. 1995, Laursen et al. 2005,
Alexandrino et al. 2016, Naidoo & Burton 2020). Although there seldom is proof for these
hypothetical paddling impacts or knowledge of the impacts’ scale (Zauner & Ratschan 2004),

decreased reproduction rates of fish are often blamed on paddling.

For every outdoor activity, there is a plethora of possible effects on local ecosystems. This
yields a large number of ecological questions that require answering to reconcile nature
conservation and outdoor activity. These answers help understand whether an outdoor
activity affects indivuals or the population as a whole, and uncover the crucial factors that
drive the impact. These factors determine to which degree management measures are
required and appropriate. Understanding them is necessary for knowledge-based
management aiming to conserve nature while retaining the positive effects of outdoor
activities on humans. This can be achieved with a scientific study that establishes if, how and
at what level human activity affects a species or ecosystem (Tablado & Jenni 2017). In this

thesis, | use both traditional and novel methods to conduct such studies.
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Synopsis

Quantifying the effects of outdoor sports on ecological systems is relevant from multiple
angles. From a nature conservation point of view, it is important to study the manner and
the gravity of the impact these activities have on ecosystems and conservation aims. The
goal of such a study is to identify at what point there is a relevant impact on the respective
ecosystems that threaten their stability, and at what point the impact is minimal (Tablado &
Jenni 2017). Such insights make it possible to derive suitable management recommendations
that are fit to protect the respective ecosystems, their key services and species, while
allowing for outdoor recreation and sports to take place and for people to enjoy the benefits
of such activities. Furthermore, there is a societal point of view to consider. Any given
landscape has interest groups, e.g. land owners, local residents or visitors. Additionally, most
landscapes provide a fitting setting for multiple sportive or recreational activities. This
variety of interests provides an enormous potential for conflict (Noe et al. 1997, Floyd et al.
1997, Vaske et al. 1995, Manfredo et al. 2004, Vittersg et al. 2004, Rossi et al. 2015). Such
conflicts are not always of interpersonal character, but can also involve nature conservation
concerns. Pacifying these conflicts requires a sound scientific understanding, to find and
implement appropriate managements measures. However, the necessary scientific
understanding is not always established at the required level of detail to solve the respective
conflict. This sometimes leads to the implementation of management measures based on
personal experience, anecdotal evidence or other forms of reasoning. These measures can
be somewhat successful, but are unlikely to address the underlying ecological framework
pointedly and sustainably. Instead, when the scientific understanding is lacking, an ecological
study should be conducted to discover missing facts and thus aid in creating a goal-oriented

solution.

There are many established methods available to conduct an ecological study. The most
labour-intensive step is oftentimes data collection and refinement. Here, trained experts
need to spend a significant amount of time gathering raw data or reviewing data points. For
example, for the observational study in manuscript 2 “The influence of recreational activities
on temporal feeding patterns of the common kingfisher (Alcedo atthis)”, research assistants
spent a total of 213 hours in the field over the span of 25 days, observing common kingfisher

nests at four different locations. There are emerging technologies and data sources that can
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reduce this manual effort, among them artificial intelligence (Al) and novel data sources,
such as social media. With the usage of Al it is possible to automate tasks that otherwise
would require trained experts to invest time and effort, e.g. reviewing camera trap footage
(Beery et al. 2019). Novel data sources make use of already present information, which was
not originally gathered for the respective study. Geo-tagged data (Schwartz & Hochmann
2014, Hamstead et al. 2018) or sentiment analysis of social media posts (Ronan 2013,
Roberts et al. 2018, Alaei et al. 2019) can yield relevant ecological insights. This thesis uses
both established and novel methods of data gathering and analysis to gain quantitative

insights into ecological questions in the context of outdoor sports.

Due to recreationists’ enhanced awareness for nature and conservation issues, conflicts
around outdoor sports are useful indicators for negative impacts on ecosystems (Calogiuri &
Elliott 2017). Parties involved in these conflicts each have particular interests at heart, which
is not always nature conservation per se. When a nature conversation issue is brought up in
such a conflict, the argument needs to be vetted thoroughly. If the concern is substantial,
conducting a literature survey is in order. Transferring insights from the literature to a
different context can be difficult (Buma 2021): On the one hand, ecosystems are subject to a
variety of localized pressures, e.g. adjacent land uses. On the other hand, outdoor activities
can exert pressure on an ecosystem in a number of ways. Still, the growing body of work in
sports ecology is a valuable resource to evaluate conflicts from a scientific point of view. If a
literature survey does not yield a sound factual basis that provides a suggestion on how to
resolve to conflict, a new study is called for. The results of this study then provide a neutral
and fact-based assessment of the ecological issue that lies beneath arguments made in the
conflict. In general, every sportive outdoor activity has an effect on nature — the central
question is which effects have a lasting negative impact on nature and how to circumvent

these.

In the following paragraphs, the five manuscripts included in this thesis will be described
with a focus on the methodology used and, where applicable, the conflict that the study
draws on. Most of the manuscripts share a common topic: The effect of paddling activity on
river ecosystems. Despite studying other topics, the remaining manuscripts complete the
picture in terms of established and novel methods to quantify effects of sport activities on

ecosystems. Taken together, this body of work allows some insight into the potential and
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current trade-offs of novel methods, in contrast with the more established ones. Kindly note
that this dissertation consists of five manuskripts, which | collaborated on with colleagues. A
detailed break-down of my specific contributions to each manuscript can be found in the

paragraph “List of manuscripts included in this dissertation & declarations of contributions”.

For brevity, in the body of this dissertation first person singular is used throughout.

“Outdoor cycling activity affected by COVID-19 related epidemic-control-decisions” is the
first manuscript presented. In it, | study the change in human behaviour effected by
restrictions imposed in Germany to control the spread of COVID-19. Using cycling as a proxy
for sportive outdoor behaviour, | investigated differences between urban, rural and
conserved areas as indoor sports were being restricted. This study is the first to use fitness
and outdoor apps to quantify the volume of sportive cycling traffic. In particular, | use the
activity on Strava high-score boards to measure changes in traffic on particular path
segments. Using data that was not gathered for the purpose of a specific study always
requires great care in its interpretation. In this instance, the year-over-year growth of
activity on the high-score boards is linked to the growth of the platform, not an increase in
cycling activity in Germany. Removing the year-over-year growth from the data was a key
step enabling our analysis. Additionally, besides sportive cycling traffic, the enacted
epidemic control decisions caused a shift in commuting behaviour as well. Disentangling
these two motivations behind increased cycling activity is a key challenge in the study. |
meet this challenge by carefully defining criteria for path segments to be eligible. Notably, |
exclude segments that have a large variation in the mean count of attempts per user, which
would indicate that the segment is part of a popular route for commuters, and not
predominantly used by recreationists. The study shows that while epidemic control decisions
lead to an increase in sportive outdoor cycling traffic in urban green spaces, such an increase

is not observed in rural areas.

Traditional methods would gather visitor count data on-site, e.g. counting cyclists in person
or installing inductive counters (e.g. Wolf et al. 2012). Using social media data for this study
made it possible to gather data remotely via the internet. This allowed the study to look at
sites all across Germany, without having to organize a concerted effort at all sites, which
would have been well outside the scope of the project. This advantage has to be weighed up

somewhat against potential biases in the data, which can originate from a multitude of
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sources, e.g. from gender or age imbalances between recreational cyclists overall and users
of the social media platform used as a source. In addition, the study required a careful data
selection method. In particular, | was interested in recreational cycling and needed to
exclude commuters from the data. Finding and validating appropriate selection criteria is not
trivial, and as of yet there is no extensive body of work to find guidance in. Finally, it would
have been a complex task to combine data from multiple platforms, since they do not use
standardized categories. As an example, another fitness app could define path segments or
criteria for publication on the high-score boards differently. However, even with these

considerations, the study provides useful insights.

There is further potential to make utilization of social media or other novel data sources
easier. Even though data collection via the internet is convenient, regular visits to the
website hosting the high-score boards were needed in this study. Web-crawling technology
can be used to further automate the process of accessing and downloading data from
websites (Khalil & Fakir 2017). However, setting up and running web-crawlers reliably does
require substantial expertise. If these tools become more accessible for researchers, the
effort required to gather data could be reduced further. In some instances, it might be
possible to enter a direct cooperation with the data owners, who could then provide the
data in an agreed-upon format. This way, more reliable data that needs less wrangling could

be acquired.

The growing popularity of outdoor climbing raises concerns about the sport’s impact on
cliffside ecosystems (Holzschuh 2016). In the second manuscript included in this thesis, “The
Physical Damage of Climbing Activity on Sandstone Lichen Cover”, | quantify damages caused
by climbing activity. Lichen fulfill a number of useful functions for their ecosystem, providing
protection and fixation to their substrate and serving as food for higher order taxa. The fact
that climbing activity affects cliffside vegetation is known (Clark & Hessl 2015), although
there are contrasting results in the literature. This could be the consequence of natural
biotic and abiotic variation, which can lead studies to yield varying results, and provides a
potential source for selection bias (Holzschuh 2016). This highlights the impact subtle
differences between similar ecosystems can have and shows that results have to be vetted

carefully before being applied to a different context, e.g. the resolution of a conflict.
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My study subject was a previously unscaled boulder, which was climbed 500 times as part of
the study. | investigated changes on the boulders surface over the course of this study,
especially at the holds used. Since the study was conducted at a single boulder instead of
comparing sites, | circumnavigated potential issues raised by biotic and abiotic variation. For
each ascent, the same holds were used consistently for hands and feet, and photographs of
every hold were taken at predetermined intervals. This follows a well-established,
standardized experimental protocol to quantify the resistance of vegetation against a
disturbance (source aus paper: Cole & Neil 1993). | find that the lichen cover deteriorates in
holds used with feet, but not in holds used exclusively with hands. This suggests that the
damaging process is different for hand- and footholds, which is in line with mechanical
differences between the use of hands and feet when climbing: Climbing shoe soles are less
elastic and made from a more abrasive material than skin, and feet are less precisely
positioned while carrying more of the climber’s weight. Regarding the progression of
damage over repeated ascents, | find that the relative lichen cover reduces rapidly with the
onset of climbing activity and stabilizes to some degree after about 50-100 ascents. These
results indicate that the impact of climbing on lichen is mostly caused by rock abrasion. Most
lichen seal off their substrate and form a protective layer that prevents erosion (Steinbauer
et al. 2013). Abrasion caused by climbing activity could therefore have a second order effect
by removing this protective layer. From these results, we derive a clear recommendation for
evidence-based conservation efforts: Damages to the lichen cover happen at the onset of
climbing activity. After this initial loss of lichen cover, the number and frequency of climbers
have no further significant impact on it. Taking this into account, climbing activity should be
directed to designated sites, while climbing pristine cliff sites should be discouraged. The
overall aim would be for few cliff sites to be climbed often, instead of many cliff sites to be

climbed seldom.

For this study, | conducted an active field study where a subject was submitted to a
controlled treatment repeatedly while documenting changes induced by the treatment. This
method eliminates the majority of confounding variables and ensures that observed changes
are due to the treatment. Being a standardized experimental protocol, there are few
questions to its proper execution and data analysis. This allows for easy replication in
different contexts, e.g. repeating our study on a different substrate. Treatments have to be

applied repeatedly and in a short amount of time, to exclude most environmental factors,
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such as changes in weather patterns. Moreover, the course of the study subjects the
ecosystem to possible disturbances in excess of the status quo. As such, this kind of method
is ill-suited to study rare ecosystems or the impact of drastic treatments. Despite these
methodical drawbacks, it is the best suited method in this instance. It provides a way to
control confounding variables and isolate the effect of the climbing activity effectively. The
trade-offs between the strain on the ecosystem caused by the study and the insights gained,
which help design evidence-based management measures, come out in favor of the
experiment. This can be argued ahead of time because the study follows a well-established
method, for which the course and effects are predictable and which is known to provide

robust results.

“The influence of recreational activities on temporal feeding patterns of the common
kingfisher (Alcedo atthis)” is the third manuscript we present. It contains efforts to quantify
the impact of recreational activity on common kingfishers by direct observations. The
common kingfisher is a flagship species that garners public attention for conservation
efforts. Furthermore, the common kingfisher serves as an indicator for the effects of human
activity on wildlife overall, because their high mobility allows them to evade easily (Suri et al.
2017). They are classified as vulnerable in Germany (European Environment Agency 2019)
and considered to be endangered in Bavaria (Bayerisches Landesamt fiir Umwelt 2022).
Disturbances are particularly critical during the birds’ breeding and rearing period, where
they can have an impact on species-level well-being by reducing reproductive success,
potentially even leading to abandoned broods. It is known that birds react to disturbances
with partial or complete nest abandonment or reduced nest attentiveness, which increases
predation risk (Hockin et al. 1992, Baudains & Lloyd 2007, Botsch et al. 2017). However,
there are studies showing habituation adaptations, e.g. shifting feeding behaviour to other
daytimes (Hockin et al. 1992, Baudains & Lloyd 2007). | aim to provide insight into which
human activities are tolerable for common kingfisher and which are critical and must

therefore be reduced via management measures.

This study was conducted at four different sites, with different frequencies and types of
human activities. The sites ranged from a popular park to remote rural stream segments
along the river Regnitz. Research assistants observed the birds’ behavior and human activity

directly from a distance. Observers took precautions to not interfere with the observed
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subjects, using appropriate gear such as binoculars and camouflage tents. They monitored
the nests for a total of 213 hours across 25 days, recording for each minute whether a bird
was entering the nest or perching nearby, as well as any human activities taking place in the
vicinity. It was not possible to record reliably whether birds entering their nests carried food
items. Therefore, nest-entering events were decided on as proxies for feeding activity. For
my analysis, | used generalized linear models on two different granularities: | modeled the
likelihood of a bird entering its nest minute-wise and the count of nest-entering events
aggregated by hours as dependent variable, using human activities and other factors such as
temperature as independent variables. A model selection procedure then revealed whether
the observed human activities had a significant effect on the birds’ behaviour. Moreover,
this modelling approach allows to estimate the magnitude of the impact the disturbances
have, by evaluating the modelled dependencies in the absence of any disturbance. The
minute-wise analysis captures situations where the bird delays its approach to the nest
when disturbed, while such an adaptation has significantly lower impact on the hour-wise
analysis. | find that immediate human presence reduces the likelihood of a bird entering its
nest or perching nearby, albeit the total number of nest entries remains largely unaffected.
While the immediate effect is significant, its magnitude is small. | find at most a 6% increase
in nest-entering events in the absence of human activity from our models. My study
differentiates between different kinds of human activities as well as their proximities to the
nest, allowing to gain insight into what parameters make a human activity disturbing for the
birds. | find that speed (such as in biking), proximity to the nest and loud noises (such as
music being played) have the strongest impact on bird behaviour. Additionally, at the study
site with the highest frequency of human activities, | find potential signs of habituation to

humans.

Direct observation is a well-established quantitative method in ecology. For the success of an
observational study, it is important to minimize the impact the observer has on the study
subjects. Therefore, well-defined protocols on how to conduct observations are in place and
specialized gear is available to blend into the surroundings and to observe from a distance.
The protocols also aim to reduce differences in results from different observers, which can
be a source of bias in the data if not managed well. Having observers on-site has the
advantage that they can record and report about occurrences that are not part of the

original study design. It is always possible for irregular events to occur, such as the mowing
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of a nearby lawn or tree maintenance. These events can affect study subject behaviour but
remain undetected by remote sensing methods, such as camera traps. Direct observation is
very resource-intensive, though. Researchers need to be on-site for the whole observation
time. For remote locations, a relevant amount of time is also needed to access the site in the
first place. If observations at dawn or dusk are necessary, observers may need to stay the
night on-site or at a nearby location. The success of a direct observation study is directly
linked to the available budget: the number of employed observers dictates how fragmented
the collected data is. With an unlimited budget, enough observers can be financed to collect

data without gaps, which improves the statistical significance of findings.

The fourth paper presented in this thesis is titled “Overcoming the challenge of remotely
monitoring small birds using video traps and artificial intelligence: An example with the
common kingfisher Alcedo atthis”. In it, | use a remote setup to monitor a common
kingfisher nesting site continuously. Remote wildlife monitoring is an alternative approach to
direct observation, with a variety of methods available to allow for the study of different
aspects of animal behaviour. One option for this are tags, which are attached to or ingested
by individuals. They can provide a range of data types, such as location, acceleration or local
temperature. However, their use falls under animal experimentation regulation, and animal
welfare considerations such as weight, size and attachment method need to be taken into
account (Hawkins 2004, Wilson & McMahon 2006, McMahon et al. 2008). Additionally, tags
can be costly depending on their size, weight and capabilities. These factors make the use of
tags especially challenging when applied to species with a small body weight and high
mobility, such as birds. Instead of monitoring individuals, it is also possible to monitor
locations. A tried and tested method to assess the regional species composition is
monitoring via camera traps at a key site (Magioli et al. 2023). The recorded images can be
analyzed manually, but automated image classification is becoming more readily available
(Beery et al. 2019). Typically, camera traps trigger via motion sensors and take a short
sequence of images when activated. The exact trigger parameters are adjustable to some
degree. This dictates a certain window which kind of studies or species can be observed
successfully via camera traps. In particular, small animals are difficult to capture reliably

(Kelly 2008, Anile & Devillard 2016, Urlus et al. 2014).
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In my study, | designed a fully off-the-grid video trap setup to record the study site
continuously. For this, | deployed a dome camera in proximity to a common kingfisher
nesting site at the river Regnitz. Electric power was supplied by a car battery, which was
topped off using solar panels. The set-up recorded from dawn to dusk without interruption,
streaming the recordings to a lab computer using the internet via cellular network, and
saving them on disk. | deployed the camera setup from 17t May 2022 to 14™" June 2022,
capturing a total of 580 hours of footage. Reviewing such a volume of data is challenging if
done manually. | therefore developed a bespoke computer vision model on a subset of the
data. Our model is able to identify video frames that show a common kingfisher - we used it
to analyze the full dataset. Subsequently, | constructed events of common kingfisher
presence by clustering together frames with common kingfisher that are less than five
seconds apart. This straight-forward procedure was successful in determining phases of
common kingfisher presence and absence at the nesting site. Additionally, in order to show a
possible application of our setup, | deployed a regular camera trap on the same riverbank to
capture recreational traffic. A physical filter on the lens of the camera trap ensured the
recorded images were anonymous. If the datasets from the video trap and the camera trap
were combined, fine-grained insight into the behaviour of common kingfisher in presence of
e.g. paddling activity could be gained. The execution of such a correlation analysis was

beyond the scope of our study.

Camera traps are a mainstay of remote wildlife monitoring. Given their widespread use and
researchers experience with this method, related technologies and operation procedures are
advanced. It is well-known what the capabilities, limitations and required conditions are to
employ camera traps in a study. Video traps are useful tools to go beyond the limitations of
camera traps and the trigger mechanisms they require, but can be challenging to deploy in
remote locations. My setup worked fully off-the-grid and only required cellular network to
be present. This means no power outlet or wired internet connectivity was required. A key
challenge in working with videos is the volume of data that needs to be analyzed. Since
reviewing the captured footage manually is a huge effort, computer vision approaches are
called for. The field of computer vision has advanced greatly in capabilities and ease of use in
the past decade, and some ready to use solutions for ecological applications are available
(Beery et al. 2019). These focus on the most common use case, though, and therefore work

best on regular camera trap images. For my footage, no appropriate tool was available and |
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developed a bespoke deep learning computer vision algorithm. Entry-level knowledge and
standard methods of machine learning would suffice to do so. Training resources geared
towards ecological applications of computer vision would be helpful to make this technology
easier to employ. Nonetheless, the possibility to deploy a video camera setup remotely that
captures uninterrupted footage at a site, and to analyze that footage automatically, opens

up an array of new wildlife monitoring opportunities.

“No effects of paddle strokes on hatching rates of later developmental stages of river trout
Salmo trutta fario” is the fifth and final manuscript included in this thesis. It describes my
laboratory experiment to study the impact paddling activity has on spawn of river trout. It
therefore shares a topic with the manuscripts on the reproductive success of common
kingfishers, namely studying the impact of recreational activity on the ecology of river
ecosystems, but uses a different method and model organism. While the common kingfisher
is a flagship species that garners public attention easily, river trout are an indicator species.
Even though their conservation is classified as least concern by the IUCN (IUCN 2012), their
well-being is tied to an overall healthy ecosystem. River trout need flowing water with a high
oxygen content and loose gravel substrate to procreate successfully. Claims that paddling
activity is contributing to reduced fish spawn rates are raised with little scientific evidence
(Zauner & Ratschan 2004). The simultaneous rise in recreational activity and reduced
reproductive success could be a mere coincidence, since there are a number of factors
affecting spawn rates, such as growing sediment input from increasing agricultural activity.
My experiment aims to clarify whether paddling strokes impair spawn physically, thereby
reducing hatching rates. In order to avoid a biased study design, | include paddle strokes as
well as sediment input as controlled factors and investigate their impact on larval

development.

The study setup consisted of six study groups, each consisting of five water tanks that
received the same treatment. Every tank hosted approximately 1000 fertilized eggs of river
trout Salmo trutta fario. | took great care to provide the spawn with controlled, appropriate
conditions for its development by providing a gravel substrate of appropriate grain size and
conducting the entire experiment in a cooling chamber to manage the temperature, aiming
to approximate water temperatures during river trout spawning season. The treatments

were combinations of light or strong paddle strokes with or without the addition of a
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sediment solution. This results in six combinations of paddle strokes (none / light / strong)
and sediment addition (none / 10g), which includes a control group that does not receive
any treatment at all. Light paddle strokes only moved the water column, but did not make
contact with the substrate, while strong paddle strokes hit into the substrate directly. | built
two custom paddling devices that fitted on the rim of the tanks, in order to make paddle
strokes reproducible and to ensure light paddle strokes stayed clear of the substrate. |
applied treatments daily and exchanged water in the tanks every other day. Before applying
treatments, | counted the number of live larvae, dead eggs and eggs or larvae presenting a
fungal growth in each tank. The two latter were removed from their tanks and discarded.
From day ten on, there were too many hatched larvae in the tanks to count without
removing them, so | estimated their number. The study ended on day 16, when all larvae
had hatched and the oldest were beginning to fill their swimming bladder with air. From this
point on, the animals are legally considered to be fish, requiring an additional permit to
continue experimentation and a more complex environment. | therefore ended the
experiment on this day and counted the number of live larvae in all tanks exactly. While |
find some statistical differences in hatching rates and development of fungal growths
between individual groups, these differences do not persist systematically over time or
treatment gradients. | conclude that there is no evidence that paddling activity negatively

influences the development of river trout spawn.

Laboratory experiments offer a lot of control over the parameters of the study. This is
because the environment is strictly controlled and designed to eliminate as many factors
influencing the study subject as possible. Additionally, treatments are applied in a controlled
and repeatable manner, and treatment groups can be cleanly separated. This makes it much
easier to establish a link between the treatment and whatever effect (or lack thereof) is
observed in the study. This is in contrast to observational studies or field experiments, where
a plethora of other effects can cause a difference in behaviour of otherwise similar study
sites. In ecology, controlled experiments are an established method, e.g. food selection
studies are used to uncover hints of habituation of squirrels to urban environments (Wist et
al. 2022). The simplification of the natural environment for a laboratory study comes with
challenges, though. Creating an artificial system that allows the study subjects to develop or
behave naturally requires a deep understanding of their needs and the equipment to fulfil

these needs in a controlled manner (Kohler 2002). In my case, this meant conducting the
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experiment in a cooling chamber, which introduced logistical challenges and introduced a
limit on the number of treatments and repetitions in each treatment due to space
constraints. Moreover, by being a simplified model of a natural ecosystem, there are by
definition crucial differences between the laboratory setup and the natural environment.
Whether results obtained in the lab can be transferred to the wild and conclusions be
generalized requires careful argumentation (Kohler 2002). In the example of food selection
studies, captured individuals might be trap-happy and represent a biased sample of the
population (Wist et al. 2022). Despite these challenges, laboratory experiments are crucial
tools since they allow keeping the majority of parameters fixed across controlled treatment.
This creates the opportunity to quantify the effects the treatments have on the study
subjects in isolation. Additionally, laboratory experiments enable tests that would affect the

natural ecosystem too drastically, as in toxicological studies.
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Discussion

In this thesis, | demonstrate the application of various quantitative methods to sports

ecology. Sports ecology is an interdisciplinary field at the intersection of sports studies and
ecology — which can contribute to both nature conservation and society. Beyond academic
interest, studying the effects of human outdoor activity on nature allows for management

measures to be based on facts and knowledge instead of anecdotal experience.

When a conflict in outdoor activity, that involves ecological concerns, requires mediation, a
factual basis is of particular importance. Riverine paddling is an example for an activity,
whose ecological impact raises concerns. Three of the manuscripts included in this thesis are
dedicated to quantifying aspects of the impact paddling activity has on the river ecosystem.
The main conflicting groups involved here are paddlers and fishers. Fishers raise concerns
about fish and bird species being impacted by the paddling activity and push for bans or
restrictions thereof (VG Bayreuth 2009, dpa 2010, Amtmann 2024). At the same time, fishers
feel disturbed by paddlers in pursuing their fishing hobby, which is a personal motivation to
lobby for management measures. In this case, it is crucial to substantiate or rebut the
ecological concerns, such that the discussion of the shared use of the river ecosystem can
proceed with a common understanding of the facts. It is important that ecological concerns
brought forward are not diminished by coincidental personal motivations. The role of sports
ecology in mediating conflicts is to clarify the ecological impacts, such that a fair discussion

can take place.

From my studies, | do not find clear evidence that moderate paddling activity has a relevant
negative impact on the reproduction of common kingfisher Alcedo atthis and river trout

Salmo trutta fario.

| studied the reactions of common kingfishers Alcedo atthis to nearby human activity,
guantifying the degree to which different parameters of an activity affect the birds’
behaviour. My results show that higher speeds, higher audible volume and long-lasting
activities lead to stronger impacts on the birds’ rate of nest entries. Paddling is a slow-
moving activity that usually does not linger in locations for a long time. Applying these
insights about common kingfishers’ behaviour in presence of human activity to paddling, a

threat to the reproductive success and long-term well-being of the species is not expected
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from a moderate degree of paddling activity. This conclusion follows from the hierarchical
model of Tablado & Jenni (2017): since human activity does not significantly affect the
individual birds’ feeding pattern, it cannot influence the species in general, e.g. its
population trends or its distribution. | also studied the impact paddle strokes have on the
larval development of river trout Salmo trutta fario. In my experiment, paddling did not
strongly affect the number of larvae that develop successfully, regardless of whether the
paddle strokes only moved the water column or whether the paddle directly struck the
substrate. Consequently, a moderate degree of paddling activity is not expected to pose a
threat to the reproductive success and long-term well-being of river trout, either. These
insights are interesting, in particular since in some cases a single instance of human activity
can have a lasting impact on an ecosystem. This can be seen in the effect bouldering activity
has on the lichen coverage of a cliff site. | studied this impact quantitatively and find that
most of the damage to the lichen coverage is caused by the initial ascents, while further
climbing activity extends the damage only marginally. Both, common kingfishers and river
trout, seem to be tolerant of some paddling activity on the river, which is important to take
into consideration should calls for outright bans or drastic limitations of paddling activity be

voiced in discussions around the use of a body of water for recreational purposes.

This supports the results found in the literature that do not estimate paddling activity to be a
high-disturbance activity (Batten 1977, Tuite et al. 1984, Platteeuw & Henkens 1997). Since
they are highly mobile, volant birds are a suitable indicator to assess the effects of human
activities on wildlife (Suri et al. 2017). Birds decide the potential threat to them by human
activities based on several factors, e.g. visibility, shape, noise, direction, distance and, of
particular importance, speed (Tuite et al. 1984, Klein et al. 1995, Platteeuw & Henkens 1997,
Reichholf 1998, Glover et al. 2011 & 2015, Kruger 2016, Clausen et al. 2020). Hence, birds
perceive people jogging to be more threatening than people promenading (Glover et al.
2011, Lethlean et al. 2017) — something | also saw in my study. Another effect | observed
was how long-lasting activities in front of the nest decrease the common kingfisher activities
at the nest, which is not commonly mentioned in the literature. Bird species assess threats
differently due to their respective traits (Batten 1977, Tablado & Jenni 2017), for example
Clausen et al. (2020) found a 34% increased energy expenditure in swans during kayaking.
Overall, common kingfisher might be less sensitive to human activity due to some of its

characteristics: It is a resident species, in contrast to migrating species (Burger & Gorchfeld
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1991, Klein et al. 1995, Glover et al. 2011, MacGregor-Fors & Schondube 2011), and it breeds
alone, in contrast to being part of a colony (Batten 1977, Laursen et al. 2005, Thiel et al.
2008, Glover et al. 2011). For birds, disturbances can lead to decreased nest attentiveness
and partial or complete nest abandonment (Hockin et al. 1992; Baudains & Lloyd 2007;
Botsch et al. 2017; Zhang et al. 2017). However, some birds seem to habituate to potential
disturbances (Hockin et al. 1992; Baudains & Lloyd 2007). This is particularly likely, when the
potential disturbance is of a predictable or continuous nature (Platteeuw & Henkens 1997) —
something | also observed in my study. While | found common kingfishers to react to human
activity, they did not seem disrupted or hindered in their ability to hunt or feed their young.
This is in accordance with Kipping (2018), who found that boating activity could interrupt
common kingfishers’ behaviour but leaves the general number of feedings largely
unaffected. Despite having only minimal impact on common kingfishers, paddling activity
can affect certain species (Bell et al. 2007; Stott 2019), e.g. drifting dragonfly larvae into
untypical habitats (Schnorr 2000). Still, a number of worries have been voiced concerning
paddling activity, which are lacking a sound scientific understanding so far (Zauner &
Ratschan 2004): paddling activity might scare breeding birds or fish away, the mechanical
contact of the paddle might damage spawn, the resulting turbidity might spark
developmental disorders, fish might get hurt or sedimentation might increase. However,
proper or experienced conduct avoids most mechanical impacts. This makes them
indistinguishable from naturally occurring mechanical impacts, e.g. by debris or deluge
(Zauner & Ratschan 2004). My findings are in agreement with this, since | did not find a

significant impact of paddling activity in my study.

My conclusions regarding the impact of paddling on common kingfisher Alcedo atthis and
river trout Salmo trutta fario are valid only for moderate degrees of paddling activity. If river
sections are very popular and have near-constant paddling activity, | expect a stronger
effect, as the activity is no longer passing by nests occasionally and paddle stroke effects
under water possibly compound. Furthermore, | expect entry and exit points for paddling
activity to affect species very differently from paddling activity that is already afloat on the
body of water and simply passes through the habitat. Access points for paddling activity are
typically managed actively by the authorities responsible, and unmanaged “wild” access

points are usually unwelcome (Hennig 2011).
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Given the wide range of interactions between outdoor sports and ecological systems, there
are few standard procedures in sports ecology. Researchers draw on methods from the
humanities (Wolf et al. 2011, Keul & Kiihnberger 1997) and from ecology (Randler & Kalb
2018, McMahon et al. 2008) alike to execute studies. Identifying appropriate and feasible
methods to study a given interaction is a challenge in itself. Every method comes with a set
of trade-offs, some aspects being desirable but also presenting downsides, such as high cost
in terms of material or human effort, requiring bespoke know-how for proper execution or
causing a significant impact on the ecosystem being studied. For established methods, these
trade-offs are well known. In the research presented, | conducted a field experiment, a lab
experiment and an observational study. These are very different methods, each with their
own strengths and challenges, but for all of them, it is well known how to execute them
successfully. This methodical experience can mitigate their drawbacks to some degree. For
example, direct observation studies require spending a lot of time in the field. This time
effort can be delegated to e.g. student assistants by using established protocols, making sure
the data collected is reliable and complete. This means the scientists leading the study have
more time do dedicate to other tasks. When established methods fall short, novel methods
can open new possibilities to study a subject, or make studies easier, cheaper or more
reliable in their execution. Compared to established methods, novel methods typically come
with more organisational uncertainty. In the research included in this thesis, | applied novel

methods in two different ways.

| analysed data from Strava (Strava, Inc.), a social platform for sportspeople, with the aim of
understanding the shift in cycling habits induced by epidemic-control-decisions due to the
COVID-19 pandemic. Using data that was not originally gathered for the study at hand is a
novel approach. A more established alternative would be to use questionnaires (Wolf 2009,
Wolf et al. 2011), or manually counting events at the locations (Hartmann 1988, Murphy
1992, Keul & Kiihnberger 1997), in this case cyclists on paths. With these approaches,
studying behavioural shifts in different regions across Germany would have required a
tremendous amount of organisational effort. Furthermore, it would not have been possible
to include observations of periods before the start of the study, which | was able to do based
on historic data from Strava. At the same time, analysing the raw data appropriately
required a lot of care. Separating recreational cycling from commuting, as well as identifying

and handling a variety of possible biases in the dataset, was callenging. More guidelines on
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how to manage such “unclean” datasets in order to obtain reliable data and a reproducible

result would have been very useful.

In another project, | deployed video cameras to observe the common kingfisher Alcedo
atthis remotely, in the context of paddling activity. Small birds are challenging to monitor
remotely since they are hard to capture reliably with triggers used commonly in camera
traps (Randler & Kalb 2018, see also: Anile & Devillard 2016). Other methods of remote
monitoring for wildlife, such as tags attached to the animal, are challenging to apply here
due to the small weight and the specific mobility requirements of the species (Hawkins 2004,
Wilson & McMahon 2006, McMahon et al. 2008). My video camera setup overcomes the
need for a trigger, which is the limiting factor in the established method. The trade-off is that
a huge amount of data is captured and needs to be reviewed. This work intensive step can
be automated using modern computer vision techniques, by creating a bespoke Al model to
detect the presence of a bird in the recorded videos. This way, the physical trigger of
commonly used camera traps is replaced by a post-hoc, content-based trigger. Using this
novel method of wildlife monitoring meant working around several open questions
regarding the analysis of the videos. Critically, it was not clear which approach can

successfully detect common kingfishers in the recorded footage.

From my studies, | find that novel methods focusing on digitalization hold great potential for
the quantitative study of the impact of outdoor sport on ecological systems. Utilizing new

data sources and automating formerly manual tasks proofed useful in my research.

A commonality between the novel approaches applied in the research for this thesis is that
they are both very data-centric — direct human effort in data collection is substituted with
effort and uncertainties in handling the data itself. For these methods to become more
common, the effort and uncertainties need to be reduced. If third-party data becomes a
more common source of information, steps towards agreed-upon categories of bias to be
aware of, methods to identify and counteract them and metrics to possibly quantify them
would help researchers to show the robustness of their conclusions in a straightforward
way. This reduces the uncertainty how to properly handle potentially “unclean” data.
Another opportunity for improvement is extend tooling and teaching material that is geared

towards ecological application of Al. Some general tools exist, focussing on the most
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common applications (Beery et al. 2019). Creating and evaluating bespoke models holds
great potential for visual data (Pegoraro et al. 2020), but requires expert input. By making
this expertise, or at least knowledge about its potential and requirements for its application,
more available to ecologists, studies with visual data would become easier to conduct. In
some cases, such as with video traps, the expertise can even be key to unlocking new study

setups that previously had to be dismissed due to the large effort required for data analysis.

The main opportunity in digitalized and automated study designs is that it is possible to
apply them on a large scale. | was able to study changes in behaviour across Germany by
using social media data. Automated visual data analysis greatly reduces the effort associated
with camera trap studies, even making video traps practically feasible. A standardized setup
and data evaluation could allow replicating a camera-based study on a wide range of similar
ecosystems, e.g. studying the impact paddling activity has on riverine birds’ feeding
behaviour on rivers across Germany. Such a cross-sectional study would allow to derive
more widely applicable insights and avoid the challenges associated with applying results
across sites (Buma 2021). Therefore, standards, knowledge and tooling around the

application of novel approaches should be promoted in the field.

The research conducted for this thesis employs a variety of methods to quantify the effects
of outdoor sport on ecological systems. No one method is better suited for this task than
another. Instead, the best method depends on the study setup and resources available.
Using established methods tends to be more resource intensive than the particular novel
methods we applied, but offers the collective experience in applying the method to navigate
uncertainties surrounding the study. Among other factors, this could be working with less
experienced help, justifying expenses or filing for permissions to execute a study. The novel
methods | applied came with a significant degree of methodical uncertainty: How, if at all,
can this method be used to obtain relevant results? Still, it is worthwhile to use these
methods and start to chip away at that uncertainty. The novel methods | applied allowed me

to study effects that would not have been possible to quantify with more established means.

There is a plethora of interactions between outdoor sport and ecological systems that need
to be studied to allow people to reap the benefits of being active outdoors while protecting

ecosystems from undue consequences. Making use of the digitalization of society and
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opportunities for automation can reduce the effort needed to study interactions. In tandem,
these two methodologies present the possibility to scale up quantitative insights and provide

a sound scientific understanding for discussions and management measures.
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Manuscripts of this thesis

All five manuscripts included in this thesis investigate the effects of outdoor activities on
natural systems. For this, mostly direct and immediate variables were used and analysed in
the context of their chronology. Kindly note that all manuskripts contained in this
dissertation are a collaboration of my colleagues and me. A detailed break-down of my
specific contributions to each manuscript can be found in the paragraph “List of manuscripts
included in this dissertation & declarations of contributions”. For brevity, in the body of this

dissertation first person singular is used throughout.

In manuscript 1, | examine changes in human outdoor behaviour during lockdown due to the
COVID-19 pandemic in Germany. For this, | use cycling data as a proxy for sportive outdoor
behaviour. This manuscript is the first to use fitness and outdoor apps as management tools
to discern the volume of sportive cycling traffic in urban, rural and conserved areas. In the
manuscript, | also demonstrate the importance of green spaces and the need for physical

activity and the outdoors.

Manuscript 2 covers a conflict around outdoor bouldering and climbing, namely the impact
and magnitude of climbing activities at newly climbed sites. Although this conflict has been
discussed on different levels, this manuscript is the first to document abrasions caused by
climbing activity meticulously: | assessed a previously unclimbed boulder before, during and
after 500 climbing ascents. My findings lead to a straightforward management
recommendation that could solve the main point of conflict concerning climbing and

bouldering activity and nature conservation.

Starting with manuscript 3, all following studies examine the effect of paddling activity to
some extent. Manuscript 3 investigates the effects of paddling activities on the feeding
patterns of common kingfishers Alcedo atthis during breeding season. Common kingfishers
are often depicted as a shy species in need of protection from human influences. In contrast,
| found that human activity had a minimal effect on the birds’ feeding pattern in my study.
At sites with particularly high human activity, the birds showed signs of habituation.
However, since the data for manuscript 3 has been gathered by direct observations, no

location had been observed for the entire breeding and feeding period continually.
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For manuscript 4, | installed off-the-grid video traps that filmed the entrance of the nest of
common kingfisher continually for one entire brood. As far as | am aware, this manuscript is
the first to stream the events at a nest entrance of common kingfisher remotely. | then
employed modern machine learning techniques to recognize video frames showing common
kingfisher, and automated the classification process of these video frames. In my
manuscript, | show how these results can be combined with other data and possible future

uses of our setup.

In manuscript 5, | investigated the effects of paddling activity on fish spawn development in
river habitats, using river trout Salmo trutta fario as our model organism. | conducted this
experiment in a cooling chamber. The fish spawn was divided into tanks, which were in turn
divided into treatment groups. | found no negative effect on hatching rates due to paddling
treatment, and only minor effects on the development of fungal growths. In my manuscript,
| discuss the benefits and drawbacks of laboratory conditions and experiments in natural

settings.
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Abstract

Aim: The lockdown of sports infrastructure due to the COVID-19 pandemic has substantially
shifted people’s physical activity towards public green spaces. With Germany’s lockdown as
one of the more severe governmentally imposed epidemic-control-decisions, we tested to
what extent the frequency of outdoor cycling activities changed from March to June 2020.

Methods: User behaviour and frequency in 15 urban and 7 rural German public green spaces
was quantified using cycling data from the fitness application Strava. Changes in cycling
activities were analysed with four different generalised linear models, correcting for factors
like weather conditions and temporal changes in the user base of the fitness application.

Results: We found a clear increase in outdoor cycling sport activities in urban public green
spaces in response to epidemic-control decisions (e.g. increase by 81% in April relative to the
expected value (95% Cl [48%, 110%])). In contrast, biking in rural areas showed no significant
change with epidemic-control-decisions in place.

Conclusion: Fitness App data, e.g. from Strava, can be used to monitor visitor behaviour and
frequency. The increase in outdoor cycling activities during epidemic control decisions likely
reflects a shift of sport activities from indoor and team sports to outdoor and individual sports.
This highlights the importance of accessible green space for maintaining physical fitness and
health. Beyond this shift, it is likely that outdoor activities may be of particularly importance
for stress relief in times of crisis such as the current COVID-19 pandemic.

Introduction

In many countries of the world, governments issued epidemic-control-decisions at the
beginning of 2020 to prevent the spreading and transmission of the highly contagious virus
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SARS-CoV-2. This novel virus causes COVID-19, a respiratory disease that can cause a variety
of health issues (Robert-Koch-Institut 2020) and can lead to death. The measures taken
differed between countries and, in countries like Germany, even between federal states but
with the joined aim of slowing down the spread of the virus. The results were immense
constraints for the private life of citizens, leading to extensive changes in mobility, purchasing
behaviour and environmental impact of whole populations (Muhammad et al. 2020, Venter
et al. 2020). Facing rising case counts, the German Government issued progressively stricter
policies. From March 12t 2020 on, events with an expected attendance of 1,000 people were
prohibited (Bundesregierung 2020) and since March 16, recreational facilities were closed to
the public (Presse- und Informationsamt der Bundesregierung 2020), including all tourism
related facilities. On March 22"% social distancing was enacted. The lockdown of sports
infrastructure has substantially reduced the possibilities for leisure physical activity and
shifted people’s physical activity outdoors towards public green spaces. An increase of
outdoor recreational activities by almost 300% during mobility confinements, compared to a
3-year average, was shown in Oslo, Norway (Venter et al. 2020). In Germany, similar effects
are indicated by search query data from Google Trends (Google Trends 2020) in terms of
outdoor recreation key words like “Fahrrad” (bicycle) or “Wandern” (hiking). For those terms,
search query in May 2020 were 40% higher than the average of the last 3 years. Trail
remoteness and closed canopy cover were identified as important traits for trail selection
during the crisis (Venter et al. 2020), suggesting that public green spaces facilitated social
distancing and indirectly mitigated the spread of SARS-CoV-2 virus.

Understanding these changes in spatio-temporal patterns of physical activity is important, as
there are strong indications that outdoor activities in public green spaces like forests and parks
are a major strategy for coping with COVID-19 and the associated epidemic-control decisions
(Venter et al. 2020, Egeter et al. 2020, Samuelsson et al. 2020). With group sport activities
prohibited, people may feel restricted to sedentary indoor activities, resulting in a potential
reduction in physical exercise and increased sitting associated with a higher risk of chronic
diseases or worsening physical constitution (Owen et al. 2010, Ammar et al. 2020, Barkles et
al. 2020, Lopez-Bueno et al. 2020, Mever et al. 2020). As preventive measure, it is
recommended to exercise during lockdown, either at home or outdoors (Chen et al. 2020).
The risk of contracting COVID-19 does not decrease when exercising, but a healthy and fit
body may handle an infection more successfully (Bloch et al. 2020). Recreational outdoor
activities have been proven beneficial not only for physical but also for mental health
(Kahlmeier et al. 2017), whereas green environments are more important for mental health
benefits than urban grey environments (Fong et al. 2017). Increased greenness is associated
with stress reduction (Bowler et al. 2010), lower likelihood of psychological distress and other
positive mental health outcomes, especially with physical activity as a mediator for stress
reduction (Engemann et al. 2019, Hartig et al. 2014). This indicates that access to public green
spaces also enhances the resilience of individuals to cope with crises like a pandemic
(Samuelsson et al. 2020).
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Over the last years, physical activity is increasingly supported by various fitness applications
(short: fitness apps) and the user base of such is growing rapidly (Ang 2020). With the help of
a smartphone or other GPS devices, anyone can track their geographical data and upload it to
online platforms like social media or fitness apps. These voluntarily offered data have great
potential as useful management tools by providing spatio-temporal information (e.g. Norman
& Pickering 2019). An app can act as an indicator for visitor figures in nature parks and urban
green areas (Hamstead et al. 2018, Levin et al. 2015, Mota & Pickering 2012, Walden-Schreiner
et al. 2018, Wood et al. 2013) and thus provide solid data for quantifying frequencies of
outdoor sport activities such as cycling, running, or hiking.

In this study, we quantify the effects of governmental epidemic-control-decisions on outdoor
cycling activities in Germany. For this, we use publicly available data of cycling behaviour from
Strava (Strava Inc.), a popular fitness tracking app. Germany's regulations for social distancing
got progressively stricter since the beginning of March 2020 (Presse- und Informationsamt der
Bundesregierung 2020), although measures, and their moment of implementation, differed
between federal states. With indoor sport facilities closed and group sports prohibited, we
expect an immediate increase in outdoor cycling activities with the implementation of
epidemic-control-decisions. We further test if observed changes differ between public green
spaces in densely populated areas (major cities), and less accessible, but greener countryside
locations (nature parks). Results can support the use of data from fitness apps for
management purposes.

Methods
General procedure

Systematic changes in the frequency of outdoor cycling activities were analysed using publicly
available data from the fitness app Strava (Strava Inc.), which aims to support sportspeople
during physical activity. The GPS-trail of users is broken down by Strava into snippets, called
segments, oftentimes describing one specific activity like climbing or descending. The Strava
app was first released in 2009 and by now has built up a substantial user base. Users of the
Strava fitness app can compare their latest performance with their past performances and the
performance of other users. Globally, user numbers are constantly rising with 8.2 million in
March 2015 (Slavonia 2020) and reaching up to 42 million in July 2019 (Haden 2019). The
current accession rate is 1 million new users every 30 days (Strava Inc. 2020). When using this
data to quantify changes in spatiotemporal patterns of sport activities, one needs to control
for the constantly growing user base and consider possible influential factors like weather
conditions. For each analysed segment, we thus aggregated available cycling data per month
and quantified their dependence on monthly sunshine hours as well as their increase with
time for the respective months. Resulting models were used to predict the expected cycling
activities for the respective segment without a lockdown situation and were subsequently
compared to the recorded values. We excluded months of winter due to infrequent sports
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activity and truncated the data to start in 2012, as the app was used too infrequently
beforehand to support reliable analyses.

Study areas and sample period

Germany is undergoing a long-term process of urbanization, resulting in 30% of the German
population living in large cities by 2015 (Bundesinstitut fir Bau, Stadt- und Raumforschung
2020). We chose to conduct this study using data from the 15 largest German cities in terms
of population and 7 randomly chosen German nature parks to contrast user frequencies of
urban and rural public green spaces (see Table 1 and 2 for additional information). Although
most epidemic-control-decisions were issued in March 2020, we consider April, May, and June
2020 to be most influenced by them, due to people adjusting to the new policies. Springtime
starts with March and April in Germany, which was marked in 2020 by persisting fair weather
(National Centers for Environmental Information 2020).

Table 1. Overview of sampled nature parks. Area figures as reported on the website Naturparke.de
(Verband deutscher Naturparke e.V. 2020)

Nature park Federate state Area [km2] (2020)
Bavarian Forest Bavaria 2780
Black Forest Baden-Wurttemberg 3750
Harz (Lower Saxony) Lower Saxony 2810
Hohe Mark North Rhine-Westphalia 1978
Lineburger Heath Lower Saxony 1070

Teutoburg  Forest/Egge North Rhine-Westphalia 2736
Hills

Usedom Island Mecklenburg-Western 632
Pomerania

Table 2. Overview of sampled cities. Area and population figures as reported by the Federal Bureau of
Statistics (Statistisches Bundesamt 2020), with area figures rounded mathematically.

City Federate state Area [km2] (2016) Population (2019)
Berlin Berlin 894 3669491
Bremen Bremen 524 567 559

Cologne North Rhine-Westphalia 405 1087 863
Dortmund North Rhine-Westphalia 281 588 250

Dresden Saxony 328 556 058

Duisburg North Rhine-Westphalia 233 498 686
Dusseldorf North Rhine-Westphalia 217 621877
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Essen Lower Saxony 210 582 760
Frankfurt am Main Hesse 248 763 380
Hamburg Hamburg 755 1847 253
Hannover Lower Saxony 204 536 925
Leipzig Saxony 298 593 145
Munich Bavaria 311 1484 226
Nuremberg Bavaria 186 518, 70
Stuttgart Baden-Wurttemberg 207 635911

Data acquisition

We only analysed segments registering the highest user numbers per focal area, as suggested
by Norman & Pickering (2019). In Germany, the most popular individual sport activities are
cycling and running (Alfs, 2014). Since the data on running segments in rural areas and nature
parks is too sparse to be used, we concentrated our efforts on cycling segments. For each
sample city, we chose and downloaded two cycling segments, resulting in 30 examined urban
segments. We only selected segments with high user frequency with more than 1500 attempts
and more than 350 users reporting an attempt. Other requirements were for the segment to
pass alongside or cross a body of water or park to qualify it as a green space, to have a
minimum length of 500 meters and a comparable mean count of attempts per user. This way,
we excluded commuting activities from our analysis. Furthermore, we excluded segments
used for any kind of event, e.g. a city run. The seven focal rural areas were selected at random
from all 104 German nature parks (Verband deutscher Naturparke e.V. 2020). For each rural
area, two cycling segments were chosen, meeting the same requirements as for segments in
urban areas, although requirements concerning user frequency had to be reduced to include
segments with more than 600 attempts and more than 200 users reporting an attempt. User
frequency in nature parks was generally lower due to their distance to highly populated areas
and their overall bigger total area. We downloaded data from Strava (Strava Inc.) in June and
July 2020, and cleaned data by excluding duplicates, resulting in 3499 data points overall. To
correct for the effect that sunshine hours influence individual’s exercising behaviour (Tin Tin
et al. 2012, Thomas et al. 2009), we identified the closest weather station to focal segments
from the German weather service DWD (Deutscher Wetterdienst) and aggregated the number
of sunshine hours per month for the period investigated.

Data analysis

We implemented generalised linear models with Poisson family error to quantify the general

increase in cycling activities. Models were trained individually for each segment and month,

based on data from preceding years without COVID-19 influence, incorporating the

continuously growing user base of the fitness application, as well as accounting for the effect

of changing weather conditions. Models were implemented with four alternative settings: (A)
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only including the development of occurrences of sport activities with time [cycling activity ~
year], (B) adding the effect of sunshine hours [cycling activity ~ year + sunshine hours] and (C)
additionally including the interaction between sunshine hours and time [cycling activity ~ year
+ sunshine hours + year : sunshine hours]. A (D) Null Model was also implemented. We
discerned the best fitting model using Akaike’s Information Criterion (Sakamoto et al. 1986).

Since the data was not normally distributed, the user frequency, as predicted by the model
without COVID-19 influence, was compared to the actual user frequencies extracted from
Strava (Stava Inc.) via non-parametric bootstrapping. 95% Confidence Intervals were then
calculated using the adjusted bootstrap percentile (BCa) method (DiCiccio et al. 1996). This
approach was implemented for the months with COVID-19 influence (March — June 2020), to
quantify the effect of epidemic-control-decisions as well as for other months (July — October
2019). That way, the approach was validated to predict realistic values when COVID-19 and
epidemic-control-decisions were not present. This means the difference between expected
and measured activities for March - June 2020 can be attributed to COVID-19 related changes.

We used R version 3.6.2 for all data analysis, including the packages boot (Canty & Ripley 2019,
Davidson & K’'HInkley 1997), flextable (Gohel 2020a), here (Miller 2017), lubridate
(Grolemund & Wickham 2011), MuMiIn (Barton 2020), officer (Gohel 2020b), readx| (Wickham
& Bryan 2019) and tidyverse (Wickham et al. 2019). For creating the map in Fig 1 we used
ciTools (Hamman & Avery2020), gridBase (Murrell 2014), Lattice (Deepayan 2008) and raster
(Hijmans 2020).

Results

The best fitting model was discerned to be Model A, using Akaike’s Information Criterion.
Henceforth we will focus primarily on Model A, which describes the development of
occurrences of sport activities over time, and performs best in 69% of cases. With epidemic-
control-decisions in place (March — June 2020), we see a significant increase of 55% (95% ClI
[45%, 74%)]) cycling activity in urban public green spaces. In contrast, rural public green spaces
show no significant differences. During times without the influence of epidemic-control-
decisions (July — October 2019), all three models show either no significant cycling frequency
or slightly overestimate cycling frequency in urban and rural public green spaces (see Fig 2).
Our models show a significant increase of up to 81% in cycling activity in urban public green
spaces (e.g. Model A, April: med. diff. = 54.4, percent diff. = 81%, 95% Cl [48%, 110%]). For a
detailed visualization of every sampling site see Fig 1.
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Figure 1. Map of study sites and respective cycling frequency. Cycling frequency displayed as measured
(point) and predicted (plus, Modell A with user numbers as factor) values for the month April for all
urban (orange) and rural (green) sample sites. The red dashed arrows indicates a Covid-19 related
difference and the direction of change in user frequency. The background shows the outlines of
Germany with the locations of focal cities and nature parks (Bundesamt fiir Naturschutz 2020).
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Figure 2. Comparison of urban and rural cycling behaviour. Graphic a displays a summary of Model A

[cycling activity ~ year]. The plot shows the median differences in user frequency, detected in rural

(green) and urban (yellow) public green spaces in times with influence of epidemic-control-decisions

(2020) and without (2019). Bars indicate mean difference, whiskers show 95% Confidence Intervals.

Graphic b and c display median differences in user frequency, calculated by Modell A [cycling activity

~ year]. Graphic b shows results for rural and Graphic c for urban public green spaces in months with

influence of epidemic-control-decisions (March — June 2020) and without (July — October 2019).
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Discussion

In this study, we showed that epidemic-control-decisions in Germany in response to the
COVID-19 pandemic have caused a rise in cycling activity in urban areas, reflected by user
frequencies of the Strava fitness app (Strava Inc.). Our findings align with augmented sales of
bicycles and biking equipment during the COVID-19 pandemic, going up 9.2% in Germany
alone (Eisenberger 2020). The effects differed between urban and rural public green spaces,
whereby rural areas registered no significant change in user frequency with epidemic-control-
decisions in place (March — June 2020) (see Fig 2a-c). Urban areas, however, show a general
increase of 55% in cycling activity, with a maximum increase of 81% per month. Similar effects
were found in Oslo, Norway, where outdoor recreational activity during mobility confinement
increased by 300% (Venter et al 2020). The Google Mobility Report of May 2020 for Germany
(Google LLC 2020) states that visitor frequency for public green spaces, including national
parks, public beaches, marinas, dog parks, plazas and public gardens, have gone up by 225%.
It is to be expected that easy to access public green spaces designed for tourism, including
beaches and public gardens, will have higher activity fluctuations than regular public green
spaces, which were used in this study. Although our numbers turn out lower compared to
similar studies, we observe the same effect.

Looking at other studies, there is evidence of increased sitting due to governmental epidemic-
control-decisions (Barkley et al. 2020, Meyer et al. 2020). However, the effects upon physical
activity are not uniform, with some individuals decreasing their physical activity while others
increased their activity. It is possible that those who increased their physical activity were
individuals who successfully transitioned from gyms and recreation centers to urban green
spaces.

The increase in outdoor activities is a direct result of the prohibition of team sports and closed
sports infrastructure, which prevent most indoor sport activities. It may also reflect the larger
amount of available free time, resulting from the rising count of people working reduced hours
(Wichert 2020). Their number increased dramatically by over seventeen thousand percent (17
447%) from 43 000 affected people in January to 7 502 265 in April (Bunesagentur fiir Arbeit
2020). We suspect that the rise in user frequency in urban public green spaces observed in
this study is pronounced, in comparison with rural public green spaces, because of high urban
population density and less available green space per individual. While a shift to outdoor sport
may be important to maintain physical activity with epidemic-control decisions in place,
outdoor sports also facilitate psychological welfare (Bowler et al. 2010), which is of similar
importance for a population, especially during a pandemic such as COVID-19. The COVID-19
pandemic, and the resulting epidemic-control-decisions, have added stressors to people’s
daily life. The initial lack of information about the novel SARS-CoV-2 virus, followed by a
plethora of different epidemic-control-decisions, might have unsettled the public. The closing
of educational facilities for a limited time resulted in teaching arrangements varying majorly
between facilities. Legal guardians and students alike had trouble to adapt to these drastically
different teaching arrangements, mostly because of lacking communication with school staff
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(Porsch & Porsch 2020). According to a non-representative study (Lerch 2020), most legal
guardians were facing a huge dual burden of working from home and supervising their
offspring’s home-schooling, let alone minding household chores. Social distancing and the
temporary closing of businesses and facilities caused people to be restricted to their own
home. The closing of sports facilities implies that all 27.6 million members of German sport
clubs (Deutscher Olympischer Sportbund e.V. 2019) are no longer able to exercise in the
weekly training sessions. Furthermore, the 11.7 million members of the German gyms (Sholeh
2020) are forced to either skip their training or find new ways of being physically active. At
times, people were only allowed outside alone or in small groups when shopping for essentials
or when exercising. Social gatherings of all kinds had to be cancelled, leading to a disrupted
and reduced social life. These policies also led to a surge in domestic violence (Bayer 2020,
Hecht 2020), although its extend will only become clear with next year’s criminal statistics.
Lastly, people might have felt afraid for themselves or their loved ones contracting COVID-19,
have had to deal with being infected or with bereavement. The demand for mental health
consultations has been on the rise (Kang et al. 2020), with counsellors trying to relief patient’s
worries and stress. All these stressors of people being restricted to their own homes, coping
with completely new challenges concerning employment, care work, domestic work and social
life, had to be compensated. Our data, along with Venter et al. (Venter et al. 2020), suggests
that for stress relief, people turned to individual outdoor sport activities like cycling, using
available public green spaces at a higher rate than before the COVID-19 pandemic.

Consequences for city planning

Since a surge in outdoor activities was only observed in urban public green spaces, they seem
to be more crucial for short-term stress relief than rural public green spaces, presumably due
to high population density in cities. A recent study [66] found an increase in public green
spaces in major cities by 3.2% since 1996. Currently, public green spaces make up 10.9% of
major German cities, which is above the national average of 6%. Although less urbanized and
rural areas have less public green spaces inside city borders on a percental basis, green spaces
situated outside of city limits are much more accessible. These vast rural and natural green
spaces lead to a much more relaxed resident-to-green-space ratio in rural areas compared to
urban areas. Additionally, epidemic-control-decisions have led to a steep decline in national
and international tourism (Presse- und Informationsamt der Budesregierung 2020) and in turn
to lower visitor frequencies of nature parks. Advantages of green spaces are numerous. While
promoting mental and physical health (Kahlrmeier et al. 2017), they also absorb CO2, provide
shade, buffer noise with greenery and provide refuge for wild species (Miller 2005). Since
people seem to actively seek out green spaces for their stress relieving properties, these areas
mitigate the spread of COVID-19 and promote social distancing. Future city planning should
continue to establish numerous, accessible urban public green spaces to stabilize the mental
and physical well-being of the population, to improve the populations resilience and to
provide opportunity for stress relief.

Methodological aspects and the potential of fitness applications
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For our analysis, we build four models with different settings. Model A models the
development of occurrences of sport activities over time. Model B added the effect of
sunshine hours, a factor that is proven to influence outdoor activity (Tin Tin et al. 2020,
Thomas et al. 2009). Model C included the interaction between sunshine hours and time. We
also implemented a Null model (D). Surprisingly, the best fitting model was discerned to be
Model A instead of any other model containing the influence of sunshine hours. Rising user
numbers, new segments and distribution of active user on segments are currently not in
equilibrium and dynamically changing. Thus, these factors explain more variation of the data
than sunshine hours. This may change over time when user numbers develop at a steadier
rate and users are more evenly distributed throughout urban and rural areas. Since the Strava
app (Strava Inc.) does not focus on orientation, user numbers may stay low in rural areas
compared to urban areas. It is important to orientate oneself, especially in rural areas where
users are potentially alone and cannot ask for directions. To that end, users might utilise other
fitness apps.

The results presented in this paper are based on the information provided by one fitness app
and thus the changes of outdoor cycling activities during lockdown are only partly reflected,
although Strava is one of the most popular and widespread fitness apps in Germany.
Behavioural changes of people exercising outdoors without tracking their activities are not
captured in our dataset. Furthermore, user shifts between fitness apps are not reflected as
our results are only based on Strava data. Nevertheless, our analysis provides valuable insights
into activity changes of cyclists with georeferenced user-generated open-access data. The
used approach is suitable to assess rapid changes occurring during the sudden oncoming of
the global COVID-19 pandemic, which did not allow for stratified planned monitoring.

Some studies have already conducted research with Strava data, although none of them have
attempted to predict future developments of user frequencies (Venter et al. 2020, Norman &
Pickering 2019). Monitoring user frequency of green spaces can be achieved with the help of
fitness apps, as shown in this paper. Via observing current user frequencies and predicting
future frequencies, tending plans for green spaces can be compiled. This method will prove
very useful for management purposes of urban and rural green spaces.

Strava does not directly provide information concerning the gender distribution of users.
However, from Strava’s annual report of 2018 (Strava Inc. 2018) it can be concluded from
cycling specific upload figures, that the distribution is massively skewed, with most of the
users identifying as male (81%). This is in high contrast to the 51% men’s quota in recreational
cycling in Germany (Purcher & Buehler 2008). Since Strava’s main feature is its high score
table, the app itself creates a highly competitive setting. In most societies, especially western
ones, people identifying as male tend to be more positive about and to seek out competition
than people identifying as female (Gneezy et al. 2009, Niederle & Vesterlund 2011), which
could explain the uneven gender distribution on the fitness app. Hence, our findings apply to
people identifying as male and not to the general public.
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Conclusion

Data from fitness apps can indicate user behaviour and frequency in green spaces, as shown
using the Strava app. Therefore, fitness apps can be a useful management tool for assessing
visitor frequency. In this study, we found evidence that outdoor cycling sport activities
increased in urban public green spaces in Germany in response to COVID-19 related epidemic-
control decisions.
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Abstract

Climbing activities affect cliff site species. With cliff sites harbouring unique species
communities, the rise in popularity of outdoor climbing activities is a major threat. In this
study, we assessed a previously unclimbed boulder before, during and after 500 climbing
ascents. We observed an overall reduction in lichen cover by 4.2-9.5%, located around the
footholds and combined foot- and handhold but not the handhold. We found the reduction in
lichen cover to be strongest at the very start of the climbing treatment and to lessen over
time. Therefore, management should focus on directing climbing activities to selected sites,
while protecting sites with high conservation value where climbing is prohibited entirely.

Introduction

Climbing activities affect cliff site species (Tessler & Clark 2016, Lorite et al. 2017, March-salas
et al. 2018, Schmera et al. 2018, Strumia et al. 2020). With bouldering, rock climbing and other
climbing activities becoming more popular, and with sport climbing being now accepted as an
Olympic discipline, the importance of understanding the ecological impact of climbing
activities increases. Estimates for 2010 and 2017 indicate an increase from 300,000 to
9,700,000 climbers in the USA [6] and from 300,000 to over 500,000 climbers in Germany
(Deutscher Alpenverein e.V. 2020 &2021. Cliff sites are naturally protected by their
inaccessibility against common disturbances, e.g., grazing or human activity (Clark & Hessl
2015). They are known to harbour unique species diversity, including rare and endemic taxa
(Larson et al. 2000, McMillan & Douglas 2002,Kuntz & Douglas 2006, Bogess et al. 2017).
Understanding how environmental damage scales with the number of climbing ascents is one
of the central questions for sustainable management of the popular sport in semi-natural
settings.
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Cliff sites consist of zones, each offering different habitat parameters promoting distinct
species communities (Larson et al. 2000). The most abundant organisms at cliff sites are lichen
(Holzschuh 2016). They are a symbiotic connection of fungi and photobiotic organisms, such
as cyanobacteria or green algae. The fungus provides protection and fixation to the substrate,
while the algae provides nutrition via photosynthesis (Honegger 1998). Lichen can grow on
substrates with little or no nutrition, such as bare rock. Most lichen are sealing off stone
surfaces and thus can prevent erosion (Steinbauer et al. 2013). Lichen can also exudate
chemical weathering agents, which facilitate mineral neoformation, e.g., turning rock surfaces
into soil Chen et al. 2000). They serve as food for higher order taxa, such as snails, and can be
used as an indicator to monitor shifts in cliff ecosystems (Baur et al. 2007). Climbing activity
reduces the cover and number of lichen species (Clark & Hessl 2015) and especially lowers the
frequency of epilithic lichen (Baur et al. 2007). However, when accounting for abiotic effects,
such as slopes and pockets, species numbers can be increased by climbing (Kuntz & Douglas
2006). When affected, lichen are oftentimes scraped off the rock, whereas affected vascular
plants suffer mostly non-lethal damages (Kelly & Larson 1997, Nuzzo 1996). Other than lichen,
vascular plants are mostly found on soil trapped in crevices or pockets or on plateaus. At
climbed sites, they can be damaged by trampling or being used as anchors. Case studies have
found that White Cedar trees (Thuja occidentalis) show more signs of physical damage (Kelly
& Larson 1997) and 35% more flowering ramets of Solidago sciaphila break at climbed sites
compared to unclimbed sites (Nuzzo 1996). In contrast to lichen and vascular plants, studies
generally found that bryophytes are not impacted by climbing activity (Clark & Hessl 2015,
Kuntz & Douglas 2006, Baur et al. 2007).

In this study, we investigate how the number of climbing ascents scales with the damage
caused to lichen cover. It is possible that climbing activities could be restricted to a sustainable
limit. However, if sensitive species already suffer from very few climbing ascents,
management strategies may have to direct climbing activities to selected sites while
protecting cliff sites where climbing is prohibited entirely. The differences between lichen
communities at climbed and unclimbed sites has been shown to increase with rising climbing
activity (Boggess et al. 2017). Climbed sites with high visitor numbers show a greater reduction
in the abundance and richness of endangered plant species (Lorite et al. 2017). In contrast,
moderate bouldering activity in a remote area was not found to threaten vegetation diversity
Tessler & Clark 2016). However, diversity may be a misleading indicator when evaluating
threats to rare species, since a high number of species does not necessarily equal species of
high conservation value.

Contrasting findings, regarding the relationship between vegetation and climbing activities,
could reflect natural variation in plant communities (Nuzzo 1996) and cliff site topography but
may also be caused by study design (Holzschuh 2016). Not controlling for biotic and abiotic
differences between climbed and unclimbed sample cliff sites can result in potential selection
bias (Holzschuh 2016) and lead to muddied or contradictory results. Unfortunately, research
that controls for additional factors instead of just climbing activity itself is scarce, but
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considering and minimizing differences between climbed and unclimbed sample cliff sites is
necessary to learn about the actual impact of climbing activity.

In this study, a climbing treatment was applied to a previously unclimbed sandstone boulder.
It was monitored how the impact on lichen cover developed with the number of climbing
ascents on the boulder. The data allows contrasting two management options for climbing
activities in semi-natural settings: (1) If climbing activity causes only little damage until a
threshold, managing activities within this limit would allow for sustainable climbing. (2) In
contrast, if damage by climbing activity is highest at the beginning, with most of the lichen
cover lost within few ascents, management should focus climbing activity on few selected sites
and prevent any activity on other sites, thus keeping them undisturbed.

Methods

This study quantifies the resistance of previously undisturbed lichen communities to climbing
activity by adapting the established experimental setting used to quantify trampling on ground
vegetation. For that purpose, a standardized experimental protocol is commonly used in order
to quantify the resistance of a specific plant species or community (Cole & Neil 1993). The
relative vegetation cover is documented before, in between and after the treatments and is
continuously plotted against the respective number of ascents. The trend of the resulting
curve can be approximated with a regression curve, indicating a relative stabilization of cover
reduction over time. This study uses a similar experimental approach, adopting the trampling
resistance protocol to a vertical cliff face, while continuously monitoring lichen cover
reduction.

This study focusses on sandstone rock, which is a popular rock type among climbers due to its
high friction coefficient. Sandstone is very porous and shows high water absorption (Kilig et
al. 2008) and is therefore an ideal substrate for many local lichen species. Sandstone lichen
appear to be especially vulnerable to climbing (Adams & Kamil 2012). An undisturbed
sandstone boulder with characteristics attractive for climbing was selected for this study. Its
vertical rock face is about 4 m tall, with numerous pockets and ledges serving as holds. The
boulder is located 100 m away from the nearest path in the forest (49°55'03.3” N, 11°30'26.8"
E, see Figure 1). We found no signs of previous climbing activity, such as chalk marks or ground
vegetation trampling, therefore, we consider this specific boulder unclimbed. After the
landowner and local authorities granted permission, the study was conducted from 24 June
to 7 July 2020. During the study period, the weather was dry with no precipitation.
Temperature and relative humidity ranged from 19-26 °C and 45-75%, respectively. The
boulder was covered with lichen and bryophytes, which were not identified to species level.
On the route chosen, only lichen occurred, with no bryophytes near the holds.
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Figure 1. Location and picture of sandstone boulder used in study. All holds are visible (©
openstreetmap.org contributors).

During the study period of eight days, a daily treatment of 50-100 climbing ascents was
applied at seven days, resulting in a total of 500 ascents. The same holds for hands and feet
were used for all ascents. The treatment was applied by two people weighing 64 kg and 68 kg
and wearing regular climbing shoes. Both topped out after each ascent and returned to the
bottom on a different way. No chalk or brushes were used to increase friction. At 14 points in
time (before the treatment, after 10, 20, 30, 50, 100, 150, 200, 250, 300, 350, 400, 450 and
500 ascents), photographs were taken from 4 holds, of which 2 were footholds (FH1, FH2), 1
was a handhold (HH) and 1 was a combined hold for hands and feet (CHF) (Figure 2). The digital
camera used was a Sony Cybershot DSC-T99.

To ensure the photos were taken from the same angle and section, a square 20 x 20 cm frame
was used, but alas, this could not be achieved in every case. Due to small variations of
exposition, angle and resolution, the images are not perfectly identical and possibly caused
variation in cover estimation. Using more sophisticated equipment, such as stationary
cameras and exposure units, sufficiently similar pictures can be taken to use automated
computerized analysis methods. The assessment of the 3D hold topography was not possible
due to equipment limitations. The extent of the holds in depth direction could not be
accurately measured, so the lichen cover might be underestimated due to perspective
distortion.

The presented results only apply for lichen dwelling on Middle European sandstone. Future
studies on different rock types and climate zones are needed for assessing possible differences
in the impact of climbing activities under respective regional conditions.
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Figure 2. Positions of Footholds 1 and 2 (FH1, FH2), Handhold (HH) and Combined Hand- and Foothold
(CHF) on the boulder used in study.

For lichen cover estimation, the photographs were cropped to remove the frame. They were
also edited to optimize exposition, contrast and colour saturation for lichen identification.
Cover was estimated visually using a 10 x 10 layover grid with each cell being 2 x 2 cm, as
suggested by Reeding [26]. The relative lichen cover was recorded separately for each grid cell
in each of the 52 photos. The mean of all cells represented the relative lichen cover for the
respective number of ascents at that hold. The order of the photos was randomized to prevent
bias during cover estimation. The relationship between estimated lichen cover and the
number of ascents was analysed using segmented regression with unknown breakpoints
(Muggeo 2017). Model performance was compared with standard linear regression. Analyses
and visualizations were implemented in R version 4.0.3 (R Core Team 2021).

Results

Climbing activity reduced lichen cover (Table 1). The effect is very localized and concentrates
on the immediate surrounding area of the holds. The loss in lichen cover is accompanied by
significant rock abrasion (Figure 3).
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Table 1. Development of lichen cover in the 20 x 20 cm squares around the holds before and after
climbing treatment at Footholds 1 and 2 (FH1, FH2), Handhold (HH) and Hand- and Foothold (CHF).

Lichen Cover Unclimbed Lichen Cover Climbed Change in Lichen Cover
Relative Total [cm?] Relative Total [cm?] Relative Total [cm?]
FH1 84.9% 339.5 70.1% 280.3 -14.8% -59.2
FH2 94.8% 379.1 82.1% 328.3 -12.7% -50.8
HH 74.3% 297.3 75.4% 301.4 1.0% 4.1
CHF 94.6% 378.4 85.3% 341.1 -9.3% -37.3

Before the climbing treatment, the relative lichen cover was high (74.3—94.8%). The complete
treatment of 500 ascents reduced the lichen cover by 4.2-9.5% to 70.1-85.3% overall. The
lichen cover around the Handhold (HH) did not change, while the cover around the Footholds
(FH1 and FH2) decreased by 12.7% and 14.8%, respectively, resulting in a total loss of 50.8 cm?
and 59.2 cm?. The Combined Hand- and Foothold (CHF) showed a reduction of 9.3% or 37.3
cm?in the lichen cover.
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a) Combined Hand- and Foothold

Undisturbed After 100 ascents After 500 ascents

b) Foothold 1

Undisturbed After 100 ascents After 500 ascents

Figure 3. Images of (a) Combined Hand- and Foothold (CHF) and (b) Foothold 1 (FH1) after 0, 100 and
500 ascents. For FH1, exemplary details show abrasion over the course of the study.

Breakpoint estimates for Foothold 1 (FH1), Foothold 2 (FH2) and the Combined Hand- and Foothold
(CHF) indicate a much faster decline in lichen cover within the first 50-100 ascents (Table 2, Figure 4).
The decrease in lichen cover per ascent lessens by about a factor of 10 after the breakpoint. The models
analysing the relationship between lichen cover and the number of climbing ascents are non-significant
for the Handhold (HH), suggesting a much lower effect of climbing at the Handhold.
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Table 2. Model characteristics of the segmented linear regression and comparison to linear regression
as well as a null model with zero slope. Breakpoint and slope estimates are provided with standard

error ().

FH1 FH2 HH CHF
Breakpoint estimate 50.0+11.7 58.1+11.6 - 100.0 £ 38.5
Slope before breakpoint -0.195+0.055 -0.116+0.024 - -0.061 £ 0.027
Slope after breakpoint -0.012+£0.003 -0.014+0.002 - -0.003 £ 0.003
AIC null model 87.4 83.9 54.2 72.9
AIC linear model 71.8 59.8 56.1 60.0
AIC segmented model 50.6 43.3 54.5 45.9
p-value segmented model 0.005 <0.001 l\fon‘-. 0.046

significant

R? linear model 0.72 0.85 - 0.66
R? segmented model 0.95 0.96 - 0.91
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Figure 4. Relative lichen cover and number of ascents at Foothold 1 (a), Foothold 2 (b) and Combined
Hand- and Foothold (d) with segmented breakpoint regression. The Handhold (c) showed no significant
relationship between relative lichen cover and the number of ascents.
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Discussion

This is the first study to assess the alteration in lichen cover on a previously unclimbed
sandstone boulder during a climbing treatment. Since we observed the same boulder before,
during and after climbing treatment, we circumvented potential observation bias that can
occur when comparing different sites (Holzschuh 2016, Bogess et al. 2021). Although based
on the observations of a single boulder with only four holds, the results allow a clear
conclusion: The reduction in lichen cover is dependent on the number of climbing ascents.
This effect is strongest in the very beginning of the climbing treatment (first 100 climbing
ascents) and lessens over time without stopping entirely, even after 500 ascents. Hence, to
protect lichen, management should focus on strictly separating and controlling climbed and
unclimbed sites.

Lichen can grow on bare rock surface, where they generally are the most abundant and
species-rich group (Holzschuh 2016). They are key organisms in shaping the species
community at cliff sites and therefore a fit model to monitor shifts in cliff ecosystems (Baur et
al. 2007). In accordance with the findings on ground vegetation trampling (Hill & Catherine
2009), the lichen cover reduction on rock shows continuous decline. The initial impact during
the first 50-100 ascents is very high. Considering that the impact is very localized to the
immediate surrounding area of the holds, it is possible to explain the impact mechanism on
lichen: During the first 50-100 ascents, the lichen at the immediate surrounding area of the
holds are removed. On the following ascents, further cover is only removed when a foot
deviates from the ideal hold position (Figures 3 and 4). As a result, the cover reduction
stabilizes over time. When climbing, the tip of the climbing shoe sole is the preferably used
support area of the shoe. The observed total cover loss of 50-59 cm? at the footholds is
roughly 1.5 times the size of the climbing shoe tip (climbing shoe tip area of shoe used in study
was 37 cm?). A more precise foot placement will therefore lead to a smaller reduction in lichen
cover over time. The area loss at the combined hand and foothold (CHF) is smaller with only
37.3 cm?, which can be explained by the smaller size of the support area at that hold,
compared to the larger holds of Foothold 1 and 2 (FH1, FH2). The topography of the holds also
contributes to the magnitude of lichen cover loss. This is in accordance with previous studies
that found a smaller impact on cliff site vegetation at more difficult routes with smaller holds
(Kuntz & Douglas 2006). In this study, only two people climbed the boulder, always using the
exact same holds. Other climbers may use different holds, resulting in higher cover reduction.
The use of brushes and chalk would probably enhance the rock abrasion as well. Preliminary
work has found chalk to influence algae positively and moss and lichens negatively on cliffs
(Pereira 2005, Hepenstrick et al. 2020).

Notably, the effect of 500 ascents was not observed at handholds but only at footholds or
combined foot and handholds. Our results implicate different impact mechanisms of feet and
hands in climbing activities. A possible explanation is the higher reaction force applied by feet
when holding on to a vertical wall (Noé et al. 2001). In the quadrupedal position, when the

body is supported by both hands and feet, a 33% higher force is applied to the footholds,
70



compared to the handholds. Even higher forces occur when lifting one foot of the wall.
Additionally, climbing shoe soles are less elastic (Young’s modulus = approx. 7.33 MPa (Hale
et al. 2021)) than the skin of fingers (Young’s modulus = approx. 0.03 MPa (Yang et al. 2018)).
This leads to a higher load on the top layer of the uneven rock surface, while skin is deforming
and adapting to the micro topography of the surface, distributing the load to a larger area and
more evenly. Moreover, the rubber could lead to more abrasion. In climbing, the slipping of
feet seems to occur more frequently than the slipping of hands, which might be explained by
more precise positioning of the latter.

With the onset of climbing activity, lichens are not only damaged directly by contact with
finger skin or shoe sole but indirectly by the removal of sandstone substrate due to abrasion.
Sandstone, as a rock type, has the lowest abrasion resistance (Kili¢ et al. 2008) and lichen on
that substrate are therefore the most vulnerable to being removed together with the top rock
layer (Adams & Kamil 2012). Since, in this study, most rock abrasion and loss of lichen cover
happened at footholds, we suspect that the loss of lichen cover was mostly caused indirectly
by rock abrasion. In contrast, at handholds, less lichen cover was lost and less rock abraded.
Since lichen, except for crustose lichen, are known to seal off the rock surface and prevent
erosion (Steinbauer et al. 2013), rock may be doubly threatened to abrade when lichen cover
decreases. Although this study found the loss of lichen cover to be small and very localized,
rock abrasion is a serious matter which affects boulders and whole cliff sites. Future studies
should focus on the ability to regrow previously removed lichen in order to determine whether
the effect is temporal or permanent. Since climbing activities are mostly seasonal sports,
climbed as well as unclimbed cliff sites can be studied to research lichen rehabilitation.

When searching for a suitable route, climbers tend to choose cliff sites covered with less lichen
and vegetation to avoid slipping (Clark & Hessl 2015, Kuntz & Douglas 2006, Farris 1998). In
addition, most times the rock surface is “cleaned” by removing all lichen, bryophytes and most
vascular plants when a new climbing route is established. This is performed to make the new
routes more attractive and safer by, e.g., reducing the risk of slipping. A “cleaned” surface
helps to place hands and feet more precisely on the rock surface, creates a more direct contact
between rock and hands/feet and allows a better ‘grip’, as climbers claim. This is yet another
reason to declare specific cliff sites as climbed or unclimbed, contrary to regulating visitor
numbers.

Cliff sites offer unique habitats, oftentimes populated by endemic species. The conservation
and protection of cliff sites requires scientific knowledge about the impact induced by climbing
activity in order to take evidence-based conservation measures. As climbing activities become
more and more popular, the need for tangible conservation measures rises. This study
contributes to the understanding of the impact mechanism of climbing on rock dwelling lichen
on sandstone, with abrasion potentially being the most impactful physical damage for lichen
at cliff sites.
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Abstract

Disentangling acceptable effects of recreational outdoor activities on wildlife from those with
relevant long-term consequences for population development is a key aspect when managing
recreational activities in areas with high ecological value, such as aquatic habitats. We
investigated the effect of human activities on short-term feeding behaviour and long-term
feeding frequency of the common kingfisher (Alcedo atthis) breeding at river sites. We
monitored four breeding pairs, during the nestling rearing period at the river Regnitz (northern
Bavaria, Germany) over a period of 25 days with 213 hours of observation. We monitored
differences in feeding and perching activity between periods with varying level of human
recreational activities. The study results suggest human activities have a minimal effect on the
common kingfisher. The likelihood of the bird entering its nest decreases as the number of
humans in the area increases (p<0.001). Specifically, when fast-approaching individuals (such
as bikers) are present, the bird does not show up until they have passed. Despite the high
levels of human activity (with an average of 76 people per hour at the most active site), the
birds still displayed similar feeding frequencies (2-6 times per hour) as reported in the
literature, with a peak in feeding activity in the middle of the rearing period. If all human
activity were removed from the model, the frequency of feeding would increase by
approximately 5%. At highly visited sites, the birds seemed to display signs of habituation.
Over a longer period of time, only fishing and boating activities were identified as having an
effect on the common kingfisher, but the effect was again small (4-5%). In conclusion, while
the common kingfisher may react to human presence through avoidance and habituation, its
reproductive success is likely not negatively affected by the observed levels of human activity
at the studied sites.

Introduction

Outdoor recreational activities are often concentrated in areas with high ecological value

(Tlrk et al. 2004). Such activities may affect and disturb wildlife (Venohr et al. 2018; Schafft et

al. 2021) that is already under stress by agricultural practices and other anthropogenic
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influences (Ramankutty et al. 2018; United Nations et al. 2019; Ellis et al. 2021). Whether a
disturbance caused by recreational outdoor activities increases existing pressure on species
and negatively influences the development of local number of individuals is often unclear.
Understanding human-wildlife interactions is important as outdoor recreational activities also
facilitate ecological understanding und awareness, thus advocating nature conservation (Bell
et al. 2007), while also being a lucrative economic sector and increasing the quality of life, as
well as promoting physical and mental health (Stott 2019; BMU 2021; BMU 2023).
Disentangling acceptable effects of recreational outdoor activities on wildlife from those with
relevant long-term consequences for population development is a key aspect when managing
these activities in areas with high ecological value. Recreational activity on or close to aquatic
habitats is a prime example for the difficulty of such an assessment. Rivers and lakes often
possess a high ecological value, but also provide opportunity for various water activities like
canoeing, stand-up paddling (SUP), swimming, or shore activities such as fishing, running,
cycling.

Paddling activities are extremely popular — kayaking is one of the fastest growing activities in
the US and the German association Deutscher Kanuverband e.V. is the biggest canoeing
association in the world. Although paddling activity is often not estimated to be a high-
disturbance activity (Batten 1977; Tuite et al. 1984; Platteeuw & Henkens 1997), it causes
serious problems for certain species (Bell et al. 2007; Stott 2019). Starting with the mechanical
contact of the paddle and the turbulences it induces, water clearance and temperature can
be altered. Together, these effects can lead to behavioural changes of fish, such as swarm
coherence and activity phases. Spawn might be damaged and the risk of predation increases,
while food availability decreases (Zauner & Ratschan 2004). Similarly, effects on dragonfly
larvae can be critical, as sediment swirls get into the larva’s gills and impair the respiratory
system. Turbidity may lead to developmental disorders and has a chance to drift larvae into
untypical habitats (Schorr 2000). Additionally, boats may spread invasive species (Stasko et al.
2012). However, human presence itself, e.g. while performing recreational outdoor activities,
can disturb wildlife, change animal behaviour and may affect the animal’s metabolic and
circulatory system (Reichholf 2001, Tablado & Jenni 2017). During kayak-induced disturbance,
swans show increased locomotion and less foraging activity, resulting in a 34% higher energy
expenditure and affecting their general level of fitness (Clausen et al. 2020). Since the effect
of recreational activities varies between species and location, it is difficult to capture the full
extent of disturbances caused by specific outdoor activities (Batten 1977; Klein et al. 1995;
Laursen et al. 2005; Alexandrino et al. 2016).

In order to assess the effect of human activities on wildlife, birds are suitable indicators as
they are very mobile and thus able to select their habitat carefully (Suri et al. 2017). In general,
the visibility of human activity to a bird is an important factor for its assessment, as well as
speed, shape, noise, direction and distance (Tuite et al. 1984; Klein et al. 1995; Reichholf 1998;
Glover et al. 2015; Clausen et al. 2020). Speed in particular is a very important factor in threat
estimation. Accordingly, birds are more likely to perceive joggers as a disturbance relative to
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walkers (Glover et al. 2011; Lethlean et al. 2017). Fishing, sailing and rowing cause the
strongest effects in terms of aquatic recreational activities. Canoeing activity impose a
comparative low disturbance effect on birds, but unlike sailing boats, canoes are able to move
to shallow areas that normally serve as refuge (Batten 1977; Mendez Roldan 2013; Glover et
al. 2015). This is also the case for stand-up paddleboards (SUP’s), which were found to be more
disruptive than canoes due to the prominent human silhouette (Bull & R6dl 2018). Bird species
assess potential disturbances differently because of varying traits like e.g. sensory abilities,
vigilance effort, previous experience (Batten 1977; Tablado & Jenni 2017). In general, migrant
species seem more sensitive towards disturbances while resident species are less affected
(Burger & Gorchfeld 1991; Klein et al. 1995; Glover et al. 2011; MacGregor-Fors & Schondube
2011). Furthermore, the sensitivity to potential disturbances increases with bird size, as well
as flock size (Batten 1977; Laursen et al. 2005; Thiel et al. 2008; Glover et al. 2011). Disturbed
areas are poorer in terms of bird species and their territories (Bétsch et al. 2017). In terms of
nesting, disturbances can lead to partial or complete nest abandonment, and to decreased
nest attentiveness, thus increasing predation risk (Hockin et al. 1992; Baudains & Lloyd 2007;
Botsch et al. 2017; Zhang et al. 2017). However, not always does a reduced nest attentiveness
lead to an increased mortality of offspring, as the adults seem to habituate to potential
disturbances and return to their nests earlier (Hockin et al. 1992; Baudains & Lloyd 2007). This
happens especially at sites with continuous and predictable activities that birds could perceive
as disturbances (Platteeuw & Henkens 1997). Furthermore, disturbances influence feeding
behaviour. Birds spend more time evading, thus reducing feeding time, which they sometimes
shift to other daytimes (Tuite et al. 1984; Hockin et al. 1992; Mattes & Meyer 2001; Clausen
et al. 2020; Fonturbel et al. 2021). Disturbances sometimes force bird species to leave
otherwise good habitats entirely (Hockin et al. 1992; Platteeuw & Henkens 1997). Therefore,
regimentations aiming to protect wildlife within affected habitats are essential to minimise
negative effects on wildlife. A sound knowledge about specific disturbance effects, and which
human activities can be perceived as disturbing, enhances decision-making and
regimentations (Schafft et al. 2021).

In this study, we investigate the effects of outdoor recreational activities on the feeding and
perching behavior of the common kingfisher (Alcedo atthis) during its breeding season. In
Germany, the IUCN Red List classifies the common kingfisher as vulnerable (EEA 2019) and in
Bavaria as endangered (Bayerisches Landesamt fiir Umwelt 2022). Common kingfishers are
small to middle sized (16-17 cm), diurnal birds that live close to rivers and small ponds. They
mainly feed on fish, insects and amphibians (Bezzel 1985; Raven 1986; Wiist 1986; Heinzel et
al. 1996; Cech & Cech 2015). They are plunge divers, meaning they hunt from a perching point
or while hovering, then swiftly dive into the water, catch prey and quickly re-emerge again
(Heinzel et al. 1996). Common kingfishers usually breed at the end of a burrow in a riverbank
or other suitable bodies of water (Bezzel 1985). We expect common kingfishers to react
immediately to human recreational activity by not entering their nest nor visiting their nest-
adjacent perch, thus temporarily reducing feeding activity. We also expect the birds to
compensate this reduction during periods with low disturbance levels and investigate if this
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compensation is adequate to maintain a sufficient feeding frequency. Additionally, we
investigate whether common kingfishers are able to habituate to human recreational
activities. We investigate if the birds show fewer or diminished responses to human activities
over time or with varying activity frequency at different sites. For our analysis, we observe
feeding patterns at individual nests and correlate changes in the pattern to presence and
intensity of human activities using a glm approach.

Methods

In this study, we observed the feeding and perching behaviour of kingfishers in front of their
nesting burrows and documented human activities. We investigated how these activities
affected the overall daily feeding behaviour, following an approach proposed by Mattes and
Meyer (2001) and Kipping (2018).

From 13 May until 7 June 2021, we directly observed four nests of common kingfishers. Over
the day, activity frequency is higher in the morning hours, with common kingfishers flying and
scanning. For our observations, we divided the day evenly into four observation slots, starting
30 min before sunrise and ending 30 min after sunset. According to Isotti and Consiglio (1997),
this time frame ensures capturing the activity of kingfishers sufficiently. Observations took
place for 2-3 slots per day, which were randomly assigned to any of the 4 nests while trying to
prevent two observations on the same day at the same nest. Overall, we monitored activity
at the nests on 25 days, during 52 slots, for a total of 12794 minutes (ca. 213 hours) of
observations.

All four observed nests are situated at the river Regnitz or its tributaries in or around the city
of Bamberg, Bavaria, Germany (Figure 1). The ecological condition of the river Regnitz is
categorized as unsatisfactory, but some tributaries reach a moderate ecological condition. The
River Regnitz is an attractive canoeing destination. Vilches found that kingfisher feed on the
most abundant fish species (Vilches et al. 2019). In the Regnitz these are bleak (Alburnus
alburnus), roach (Rutilus rutilus), brown trout (Salmon trutta), topmouth gudgeon
(Pseudorasbora parva) and common dace (Leuciscus leuciscus) (Knott et al. 2019). For our
observations, we took note of all human activity in the vicinity. Nesting site 1 (park) was
located in a popular park in Bamberg, at a small tributary of the Regnitz (overview in Figure
1). The nest was close to the water surface and has been used by common kingfishers for at
least 4 years (personal information). Traffic via water is rare at the location. The nest was
about 7 meters away to one of the main paths, exposing it to pedestrians, bicycles and dogs.
All other locations are situated 7-8 km south of the city of Bamberg. Nesting site 2 (river) was
located close to a passenger ferry, next to a large meadow, frequently used for recreational
activities such as sunbathing, swimming and fishing. On the other side of the river, a suitable
entry point for water sports, a small car park and a few allotments were located. The nest is
located at a tall escarpment. A local sign clearly prohibits accessing the area. Nesting site 3
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(meadow) was also located at the Regnitz. The nest was in an escarpment of a seldom-
managed meadow next to the Regnitz. Here, recreational and agricultural activities occur
rarely, but it is often uses as a fishing spot. Nesting site 4 (stream) was located at a small
stream that connects the Regnitz and the Main-Danube channel. The stream lies in a steep
dip, next to a small field path, with dense vegetation on both sides. The nest is in a burrow in
the escarpment of the stream.
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Figure 1: Overview on natural setting and human activities for the four nesting sites. Horizontal bar
plots indicate the number of minutes with at least one of the indicated human activities. Areal views
via Google Earth.

In order to minimise disturbance through the observers themselves, we used camouflaged
nets and tents when feasible, and kept a distance as far as possible to the nest. However, the
distance between nest and observer varied due to field conditions. At nesting site 4 (stream),
we were only able to sit 20 m away from the nest, whereas the distance at nesting site 3
(meadow) measured up to 100 m. At nesting site 1 (park), in order to avoid attention, we were
unable to build up suitable equipment. Instead, we choose a spot where the common
kingfisher did not show any signs of increased vigilance. For the observations, we used
binoculars (Nikon Japan 10 x 25 5.2°) and a spotting scope (TS Final 80 APO Spektiv & KOWA
Prominar TSN-3). During the monitoring, we noted bird behaviour, namely the entries and
exits in and out of the nesting burrow as an indication for a feeding event, duration of perching
behaviour in front of the nesting burrow and instances of a common kingfisher flying away.
We are aware, that there is not always a feeding event when a bird enters its nest during the
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rearing period. For the sake of our study, we allowed for this simplification and used instances
of a bird entering as a proxy for the bird feeding its offspring.

During our observations, we assessed all human activities within 70 m from the nest. All
observed activities were of recreational nature and could be grouped into categories like
stand-up-paddling, canoeing, kayaking, fishing, photographing, walking, sunbathing, running,
cycling, swimming, presence of dogs, cars and music audible to the observer. We estimated
the distance of every human activity to the nesting burrow. Additionally, we noted weather
status, and derived the average day temperature from the German Weather Service. We
documented our findings on a minute-by-minute basis, with each human activity recorded for
the duration of each minute it took place. At nesting site 1 (park), the occurrence of human
activity events was at times very frequent, with several activities taking place within the same
minute. In these periods, we counted all observed activities and divided them by the minutes
that had passed.

When leaving their nest for good, fledglings often do so early in the morning (Bezzel 1985),
which makes it difficult to observe this moment. Thus, we were only able to observe fledglings
leaving their nest at nesting site 4 (stream). For all other locations, we had to estimate the
fledgling date from the observed decline in feeding frequency over the observation period.
We monitored all locations as long as we observed the parental common kingfisher entering
or leaving the nest frequently. If, after three hours of monitoring at the end of the rearing
period, we observed no feeding behavior, we determined that the fledglings had left their nest
since the last monitoring session. We removed the time spent observing empty nests (overall
440 minutes) from the analyses. We had to remove another 184 minutes of observation as
the declining visibility at dawn prevented a reliable observation, resulting in overall 12170
minutes of observation used in the analyses.

We analysed the data in two approaches: on a minute-based scale and on an hour-based scale.
The minute-based scale provides insights into which parameter influences the probability of a
bird entering its nest or perching during human activity close to the site, whereby the hour-
based scale allows to discern if feeding or perching frequency changes with human activity
levels. When aggregating the minute-based data (n=12170) to hours, observation hours with
less than 50 minutes of observation were removed from the data. This resulted in overall 177
hours of observation used in the hour-based analyses.

We used generalised linear mixed effect models, with locations as random effects and a
binomial error distribution, for examining the probability of a bird entering its nest or perching
in dependence of human activity and other explanatory variables. We implemented the
analysis of the minute-based data in three different approaches (models). Each model
estimates the probability of a common kingfisher entering the nest or perching nearby in
dependence of weather conditions (rain and temperature) as well as different ways of
guantifying human activities. In a first model (model 1), human activity was quantified as the
overall number of people present during an observational unit (minute). In a second modelling
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approach (model 2), only periods with human activity were analysed taking the distance of
the activity as the explanatory variable. At last, we investigated single human activity classes
(pedestrians (including promenaders and joggers), bikers, dogs, boats (including canoes,
kayaks and SUPs), fisher, swimmer and music) for a possible effect on the probability of the
common kingfisher entering or perching in front of its nest burrow. For each model, we
removed non-relevant variables using stepwise model selection.

The hour-based data were analysed similarly. To assess changes in feeding behaviour, we used
the number of times a bird was entering its nest, or perching nearby, per hour as the
dependent variable. Aggregated entry or perching “events" (sum over one hour) constitute
count data, which is why we used a Poisson error distribution in the hour-based model.

The analyses with multiple models and two different approaches (feeding and perching), were
repeated for each single locations using generalised linear models with similar model setting
as implemented for the mixed effect models (for more information see tables in appendix).
For the statistical analysis, we used the programming language R (Version 4.1.0) within
RStudio and the packages dplyr (Wickham et al. 2023), gdata (Warnes et al. 2022), ggeffects
(Ludecke et al. 2023a), Imed4 (Bates et al. 2022), lubridate (Grolemund et al. 2023),
performance (Lidecke et al. 2023b), sjPlot (Ludecke et al. 2022), stargazer (Hlavac 2022),
tidyverse (Wickham & RStudio 2023) and visreg (Breheny & Burchett 2020).

Results
General observations

For this study, we observed four breeding pairs of common kingfishers during the first
breeding period in spring 2021 on 25 days. Across all sites, the common kingfishers’ activity
near its nest (feeding and perching) was peaking around midway of the observed breeding
period (p<0.001; Figure 2b and 3b) and increasing with daylily temperature (p<0.001; Figure
2c and 3c). Overall feeding activity was highest at nesting site 3 (meadow), with 5.5 + 4.2
(mean tstandard deviation) entries per hour, and lowest at nesting site 1 (park) with 1.9 £ 2.1
entries per hour (Table 1). The longest time spend perching in front of the nesting burrow was
found at nesting site 3 (meadow) with 10.7 £ 5.3 minutes per hour. Interestingly, at nesting
site 1 (park) we found a similar time spend perching as compared with the other sites (6.7 +
9.4 minutes per hour, Table 1).
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Table 1: Overview of entry and perching behaviour at all four nesting sites

Nesting site 1
(park)

Nesting site 2
(river)

Nesting site 3
(meadow)

Nesting site 4
(stream)

Total observation [minutes]

3616

2925

2216

3413

Number of entries per hour

19+21

3.8+£28

55+4.2

32127

Accumulated time spend perching
per hour [min]

6.71£9.4

7.8+£6.3

10.7£5.3

7.0£74
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Figure 2: Change in the probability of a common kingfisher entering its nest (y-axis) with a) the number

of people, b) the time until the young birds would be fledging and c) temperature (all from model 1,

see table 2). The lower panel (d & e) depicts how the likelihood to observe a bird entering its nesting

burrow declines with d) the distance to the activity (model 2) or with e) the number of bikers observed

during that minute (model 3).
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Figure 3: Feeding activity per hour declines with a) the number of people present close to the nest site
(note scale of y axis), b) relates to the time to pass until the young birds fledge and c) increases with
temperature (all model 1). Differentiating human activities reveals a decline in feeding with d) fishing
and e) boating activity.

Human activity levels varied strongly between the four nesting sites. We observed the most
activity events at nesting site 2 (river), where we recorded 3701 people over 2925 minutes of
observation (on average 76 people per hour; note that a person is counted twice if present
during two minutes of an hour). At this site, canoes, kayaks, stand-up-paddlers, fishers and
swimmers were using the river. Additionally at the banks, people were sunbathing,
promenading, cycling, barbecuing, walking their dog and played music. These human activities
were intensive, but concentrated to busy periods. The number of observed human activities
at nesting site 1 (park) was lower with 2776 over 3616 minutes (46 people per hour), but very
constant on every given day. Pedestrians, cyclists, joggers and people walking their dog
frequently used the path next to the small distributary (ca. 7 meters distance in front of the
nest). Additionally, some groups of people played music and photographers were trying to
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capture pictures of the common kingfisher. Kayaks and canoes passed by only a few times.
We observed very few human activities at nesting site 3 (meadow), where we observed mainly
fishers with on average 5.7 people per hour, and nesting site 4 (stream) with 1.2 people per
hour.

Effects of human recreational activities on feeding and perching behaviour

Personal observations during data collection indicate that the common kingfisher avoids
human activity in front of its nesting burrow by waiting until the activity is over before
approaching or entering its nest. At frequently visited sites, e.g. nesting site 1 (park) birds
seem to be less susceptible to human presence. These observations are also found in the
statistical analyses: Results of the analyses show that the probability of a common kingfisher
entering its nest declines slightly when human activities occur (Table 2, figure 2). For instance,
an increase in the number of people involved in recreational activities reduces the probability
of the kingfishers entering its nest or perching nearby (Model 1, p-value< 0.001). Removing
human activity entirely from the data by setting the number of people to 0 increase entering
and perching probability by 6% (entering) or 4 % (perching), respectively. Furthermore, the
further away an activity, the lower is the effect, and respectively the higher is the probability
of the common kingfisher entering its nest (Model 2 entering, p-value<0.001). Personal
observations during data collection indicate that bird individuals seem to observe human
activity and wait, if possible, until humans have passed. Across all locations, biking (Model 3
entering, p-value<0.05) and music (p-value< 0.05) were the only single activities with a
significant negative effect on the probability of a kingfisher entering its nest. However,
removing bikers and music from the data increases the probability for observing the bird
entering its nest only by 2.5%. When analysing the probability of a bird perching near its nest
(Model 3 perching), aquatic activities like boating (p-value<0.05), fishing (p-value<0.05) and
swimming (p-value<0.05) have a significant negative effect, in addition to music (p-value<0.05,
coefficient: -0.99). Again, removing the significant human activities changes entering
probability only marginally (by 2.8 %). Please also note that “significance” reflects a noise to
signal ratio. Non-significant effects of single activity types could mean that those did not affect
the common kingfisher, but they may also have occurred in too low numbers to test for
effects.

84



Table 2: Results for three different models, using minute-based data across all four locations. The
dependent variable is the number of entries by the common kingfisher into its nest or its visits. Non-
significant variables are marked with “n. s.”. Variables excluded from a model are marked with “-“.
*p<0.05; **p<0.01, ***p<0.001. “n” behind single activities indicates the number of minutes a
respective activity was recorded. The last row (R?) provides marginal R? values as calculated by R-
package performance (Liidecke et al. 2023b).

Dependent variable: Common kingfisher at nesting site (yes / no), using minute-based data

Bird entering its nesting burrow Bird perching at nest site

Model 1 Model 2 | Model 3 Model 1 Model 2 Model 3
Constant -3.70*** -4.03*** | -3.68*** -2.50*** -1.71%%* -2.48%***
Rain n.s n.s n.s n.s n.s n.s
Temperature 0.09*** n.s 0.08*** 0.07*** n.s 0.07***
Daytime/minute n.s n.s n.s -0.07** n.s n.s
Daytime/minute? n.s n.s n.s n.s n.s n.s
Day until fledging 0.25%** n.s 0.23*** n.s -0.1 *** n.s
Day until fledging? -0.30*** n.s -0.27*** -0.36%** -0.24%** -0.36%**
Distance of activity - 0.02*** | - - n.s -
Number of people -0.15%** - - -0.10%** - -
Pedestrian (n=2041) - - n.s - - n.s
Biker (n=293) - - -1.39* - - n.s
Dog (n=250) - - n.s - - n.s
Boat (n=143) - - n.s - - -0.35%*
Fisher (n=277) - - n.s - - -0.24*
Swimmer (n=108) - - n.s - - -0.47%*
Music (n=154) - - -1.76* - - -0.99*
Observations 12170 2456 12170 12170 12170 12170
R? 0.03 0.06 0.06 0.05 0.04 0.06
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Table 3: Results for two different models, using hour-based data across all four locations. The

dependent variable is the number of entries by the common kingfisher into its nest or its visits. Non-

significant variables are marked with “n. s.”. Variables excluded from a model are marked with “-“.
*p<0.05; **p<0.01, ***p<0.001.

Dependent variable: Common kingfisher at nesting site (yes / no), using hour-based data

Bird entering its nesting burrow

Bird perching at nest site

Model 1 Model 3 Model 1 Model 3
Constant -1.21* -1.08* 1.19*** 1.12%**
Rain n.s n.s n.s n.s
Temperature 0.10*** 0.09 0.04** 0.04*
Daytime/minute n.s n.s n.s n.s
Daytime/minute? n.s n.s n.s n.s
Day until fledging 0.26*** 0.26*** 0.16*** 0.17***
Day until fledging? -0.01%** -0.01%** -0.01%** -0.01%**
Number of people -0.003** - -0.001*** -
Pedestrian - n.s - n.s
Bikers - n.s - n.s
Dog - n.s - n.s
Boat - -0.05** - -0.06***
Fisher - -0.01* - -0.01**
Swimmer = n.s = n.s
Music = n.s = n.s
Observations 177 177 177 177
R? 0.25 0.25 0.53 0.56
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Discussion

In our study, we found a significant negative effect on common kingfishers’ frequency of
entering the nest or perching nearby by human activities, close proximity of these to the nest
and the number of people involved in the activity. Disentangling the effects of the observed
activities revealed strong differences between sites (see Appendix). We suggest to not focus
on these differences in emergent activities as they may be driven by the number of
observations (activities occurring in larger numbers are more likely to be selected as
significant), activity restrictions at some locations and a possible habituation of the birds which
also depends on its nesting site. However, the observed effects were minimal and did not
inhibit the common kingfishers breeding success at the observed sites. At sites more hostile
for the birds, it is reasonable to deduce that a similar small impact by human recreational
activity could add up to a bigger negative effect on Common kingfisher. We deduce that the
common kingfisher registers humans and their activities, but is able to habituate to them and
rear its offspring without lowering its reproductive success. Our results are thus in accordance
with Kipping (2018), who found that boating can interrupt common kingfishers behaviour but
the general number of feedings is largely unaffected.

Comparing results of minute-based data with hour-based data, we found huge differences in
which human activities significantly affected common kingfisher numbers of entering and
perching events. Aggregating minute-based entering and perching events to an hour-based
scale allowed to investigate whether the common kingfisher can compensate effects of
human activity by approaching its nest when the activity disappeared again. For the minute-
based data, fast approaching activities like biking significantly affect the birds, while for on the
hourly scale, activities that take a long time affect common kingfisher the most. We suspect
that activities indicated as significant by minute-based data are actually activities common
kingfisher can evade. However, activities indicated as significant by hour-based data are
unavoidable, since the bird would have to wait for too long.

Effects of human activities & habituation

Our data show that the number of people involved in human activities affects common
kingfisher. To some extent, this factor indicates the general intensity of the human activity,
with the more people present, the lower the number of entering events. Klein et al. (1995)
observed in their study that birds show differing distribution patterns according to the visitor
level, and Gonzalez-Oreja et al. (2012) showed that species diversity decreased with increasing
background noise levels. This also explains the sensitivity we observed towards music, which
results in a decreasing chance of common kingfishers entering their nest.

Human activity that occurs repeatedly at the same distance and intensity might promote
habituation, as these activities become more predictable and less threatening for the birds.
Speed is one factor that determines the predictability of an activity (Platteeuw & Henkens
1997; Glover et al. 2011). Across all nesting site, biking, an activities that passes by the nest
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quickly, only significantly lowers common kingfishers activity when looking at the minute-
based data. Another factor influencing predictability is the distance of the activity to the nest
(Glover et al. 2011 & 2015; Kruger 2016). We found activities that stay in the nests proximity
for a long time, e.g. fishing, significantly lower the birds activity on an hourly basis.

Number of young

As fledglings leave their nest site suddenly, we were only able to observe one occurence at
nesting site 4 (stream). Based on observed feeding events, regular entries into the nesting
chamber and observed behaviour of the adults luring the fledglings we assume a successful
brood at all nest sites.

Kipping (2018) observed 2.75 feedings per hour, Vilches et al. (2013) 3.91 times per hour and
Mattes and Meyer (2001) 2 - 3 times per hour. In our study, we were not able to distinguish
between common kingfishers entering with or without food items, which is why we measured
common kingfisher entering its nest instead of feeding their offspring. At nesting site 1 (park),
the number of common kingfisher entering on an hourly scale did not decline, however it was
relatively low in comparison to other locations. It is possible that the observed pair cared for
a small number of nestlings, thus having a lower feeding frequency (Cech and Cech 2017). We
conclude that for nesting site 1 (park), where we observed few feeding events but numerous
perching events, the explanation of Mattes and Meyer (2001) seems more reasonable. They
state that when finding low feeding activity and small responses to direct disturbances, it is
the hunting activity that is mainly affected, instead of the feeding activity. Similarly, Burger
and Gochfeld (1998) observed a reduction in foraging activity due to disturbances in shore
birds, with individuals spending more time being vigilant and changing their location rather
than foraging.

At nesting site 2 (river), the entering frequency with an average of 5.68 entries per hour is
relatively high. However, this number hardly gives an explanation whether it results from high
feeding frequencies during days with low human activity rates or if the breeding pair had to
care for a big number of fledglings and therefore had to feed more items (Cech and Cech
2017).

Daily & seasonal activity

The peak of common kingfisher’s daily activity differed between locations. Across all sites, the
number of times a common kingfisher enters its nest increased during the first days after
hatching, peaks and then decreased until the day of fledging. In the beginning, feeding activity
mainly rises due to increasing energetic requirements of the growing nestlings and parental
warming of them (Isotti & Consiglio 1997; Cech and Cech 2017). When parental warming
stops, the feeding activity reaches its peak and soon starts to decrease again. This decrease
slowly continues until the parents lure the juvenile out of the nest (Bezzel 1985; Mattes and
Meyer 2001).
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Interestingly, at nesting site 1 (park) the kingfishers’ entering frequency showed no pattern,
remaining relatively constant across the rearing period. Additionally, the rearing period at
nesting site 1 (park) was the longest, with observations spanning 22 days. According to Cech
and Cech (2017), if nestlings lack sufficient energy intake, competition between nestlings
increases and thus their energy requirements, which results in an elongated rearing period.
Therefore, we presume the lack of an entering event pattern at nesting site 1 (park) is due to
the generally low number of entering events observed at this site, causing competition
between nestlings and forcing parental kingfishers to compensate their low feeding frequency
at a time when normally the rate should have already been decreasing.

At nesting site 2 (river), the number of entering events decreased across the season. The
apparent lack of an increase at the start may be due to the delayed onset of the observations.
However, this is not certain, as the first day of the feeding activity is unknown.

Limitations and further research

Due to relatively low temperature during the study period, most nesting sites were exposed
to below average recreational activities, with various activities barely accumulating
representative numbers. Only at nesting site 1 (park), visitation levels were high and constant
across the study period. Additionally, the previous winter had been harsh, which might have
affected the physical condition of parental kingfishers, and thus, clutch sizes and number of
nestlings (Cepkova et al. 2021). Furthermore, the assumption that the number of entries of a
parental common kingfisher into its nest is representative for the number of feeding events
(Mattes and Meyer 2001, Kipping 2018) might not be correct in all cases. In addition, despite
taking all possible precautions, it is still possible that our observations affected the common
kingfishers’ behaviour. This especially applies to nesting site 1 (park), where we could not use
any camouflage equipment. However, we did not observe any direct reactions of the
kingfishers to the observations.

At nesting site 3 (meadow), the breeding pair started a second brood right next to their
ongoing first brood. This made it difficult to distinguish between the two nests and might
explain why the number of entering and perching events increased towards the end of the
rearing period. At nesting site 1 (park) and 4 (stream), the birds used several branches for
perching, making it easy to miss the separate perching events.

For this study, three different people were conducting the observations, which may have
affected the data due to varying error propagation.

Management options

In 2012, Germany hosted between 9000 and 14 500 pairs of common kingfisher, thereof 1600

- 2200 in Bavaria. This number has been stable and even increasing until 2018 (European

Environmental Agency 2016 & 2018; Bayerisches Landesamt fir Umwelt 2022). Although

common kingfisher are not threatened in Germany (Ryslavy et al 2020), in Bavaria it holds the
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status of being endangered (Bayerisches Landesamt fiir Umwelt 2022). The most commonly
used conservation methods aimed at common kingfishers are ecological enhancement of the
habitats, such as the restoration of the water quality, agricultural-related measures or simply
the establishment of protected areas (European Environmental Agency 2016). These
measures are especially valuable in terms of food abundance and supporting common
kingfishers’ capability to deal with certain environmental stressors. Moreover, so-called ’soft-
measures’ promote the improvement of information systems about the route, including entry
points for boats and bivouac places, water levels, the ecology of the area and rules of conduct.
These measures were already able to enforce nature conversation at the Miritz in Germany
(Biedenkapp & Stuhrmann 2004). In order to lessen the effect of existing human recreational
activity, nesting cover, like a small island, in front of the nest can shield kingfishers from views
and create a small refuge (Hockin et al. 1992). Furthermore, additional measures aim towards
temporal or long-term closures of specific areas to create resting zones (Roth et al. 2005), e.g.
at the river Wiesent in Bavaria, Germany, canoeing is only allowed between May 5% and
October 31t™. Since we found in our study that human activity do not inhibit common
kingfishers breeding success, closures and bans of activities might prevent habituation to
human activities of this bird species. Without a baseline of activities to get used to, common
kingfisher might feel extremely disturbed when a single activity occurs. Kingfishers are most
likely to abandon their nests during their construction phase, meaning closures would be most
efficient during that time (Davies 1982, Hockin et al. 1992, Bridge & Kelly 2003). Apart from
that, other species might profit from said closures.

Supporting a flagship species such as the common kingfisher may increase recreationists
understanding for regimentations and willingness to adhere to regional rules. Prohibiting
access to specific areas, speciality without an apparent reason, is not a realistic solution.
Recreational activities further wellbeing and mitigate physical and psychological problems.
Finding solutions that benefit recreationists as well as wildlife is crucial. The common
kingfishers at nesting site 1 (park) showed that breeding under great recreational pressure is
possible. However, we expect that dealing with such a high human activity level will decrease
their resilience to other environmental effects, such as predation, flooding or feed shortages.

Conclusion

We found human leisure activity to have only a minimal effect on feeding activity of the
common kingfisher. The birds temporarily avoided fast human activities, e.g. biking, before
entering their nest, but despite very high levels of human activity, common kingfisher
displayed feeding frequencies, comparable to those observed without human activities. When
we modelled our data to exclude any human activity, feeding frequency increased only
slightly. While common kingfisher may thus react to human presence by avoidance and
habituation, reproductive success is likely not negatively impacted in the study area.
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Appendix

Effects of human recreational activity on feeding behaviour at specific nesting sites

Appendix Table 1: Nesting site 1 (park). For R?Tjur’s R?was used.

Results for three different models, using minute-based data across all four locations. The dependent
variable is the number of entries by the common kingfisher into its nest or its visits. Non-significant

variables are marked with “n. s.”. Variables excluded from a model are marked with “-“. Coefficients

are given for significant variables. *p<0.05; **p<0.01, ***p<0.001.

Dependent variable: Common kingfisher at nesting site 1 (yes / no), using minute-based data

Bird entering its nesting burrow

Bird perching at nest site

Model 1 Model 2 Model 3 Model 1 Model 2 Model 3
Constant -3.54**x* -3.54**x* -3.54*** -1.83*** -1.83*** -1.83***
Rain n.s n.s n.s n.s n.s n.s
Temperature n.s n.s n.s n.s n.s n.s
Daytime/minute -0.46*** -0.46*** -0.46*** -0.21%** -0.21%** -0.21%**
Daytime/minute? n.s n.s n.s n.s n.s -0.25%**
Day until fledging n.s n.s n.s -0.25%** -0.25%** -0.30%**
Day until fledging? n.s n.s n.s -0.30*** -0.30%** n.s
Distance of activity - n.s - - n.s. -
Number of people n.s - - n.s. - -
Pedestrian - - n.s - - n.s
Biker - - n.s - - n.s
Dog - - n.s - - n.s
Boat = = n.s = = n.s
Fisher - - n.s - - n.s
Swimmer - - N/A - - N/A
Music = = n.s = = n.s
Observations 3616 3616 3616 3616 3616 3616
R? 0.01 0.01 0.01 0.02 0.02 0.02
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Appendix Table 2: Nesting site 2 (river). For R? Tjur’s R?was used.

Results for three different models, using minute-based data across all four locations. The dependent

variable is the number of entries by the common kingfisher into its nest or its visits. Non-significant

variables are marked with “n. s.”. Variables excluded from a model are marked with “-“. Coefficients

are given for significant variables. *p<0.05; **p<0.01, ***p<0.001.

Dependent variable: Common kingfisher at nesting site 2 (yes / no), using minute-based data

Bird entering its nesting burrow

Bird perching at nest site

Model 1 Model 2 Model 3 Model 1 Model 2 Model 3
Constant -5.77*** -2.72%** -5.91*** -6.21%** -3.37%** -6.23***
Rain n.s. n.s. n.s. n.s. n.s n.s.
Temperature 0.23*** n.s 0.24*** 0.35%** n.s 0.36***
Daytime/minute n.s n.s n.s. 0.18** n.s 0.18**
Daytime/minute? n.s n.s n.s. n.s. n.s n.s.
Day until fledging n.s n.s 1.00%** 0.97*** n.s 1.04%**
Day until fledging? 1.00%** n.s n.s. -0.60%** n.s -0.54%**
Distance of activity - n.s - - 0.02* -
Number of people -0.16%** - - -0.21%** - -
Pedestrian - - -0.17** - - -0.21%**
Biker - - n.s - - n.s
Dog - - n.s - - n.s
Boat = = n.s = = n.s
Fisher - - n.s - - n.s
Swimmer - - n.s - - -0.55**
Music = = n.s = = n.s
Observations 2925 2925 2925 2925 793 2925
R? 0.01 0.00 0.01 0.05 0.01 0.05
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Appendix Table 3: Nesting site 3 (meadow). For R Tjur’s R*was used.

Results for three different models, using minute-based data across all four locations. The dependent

variable is the number of entries by the common kingfisher into its nest or its visits. Non-significant

variables are marked with “n. s.”. Variables excluded from a model are marked with “-“. Coefficients

are given for significant variables. *p<0.05; **p<0.01, ***p<0.001.

Dependent variable: Common kingfisher at nesting site 3 (yes / no), using minute-based data

Bird entering its nesting burrow

Bird perching at nest site

Model 1 Model 2 Model 3 Model 1 Model 2 Model 3
Constant -2.01%** -3.86%** -1.92%** -1.23%** -4.40* -1.23%**
Rain -1.42* n.s. -1.42* n.s n.s n.s
Temperature n.s n.s n.s. n.s n.s n.s
Daytime/minute n.s n.s -0.49* -0.37*** 11.77* -0.37%**
Daytime/minute? -0.32%** n.s -0.20* -0.17* -11.93* -0.41*
Day until fledging n.s n.s n.s n.s n.s n.s
Day until fledging? n.s n.s -0.49* -0.41** n.s -0.41**
Distance of activity - n.s - - 0.04* -
Number of people n.s - - n.s - -
Pedestrian - - n.s - - n.s
Biker - - n.s - - n.s
Dog - - 0.91* - - n.s
Boat - - N/A - - N/A
Fisher - - n.s - - n.s
Swimmer - - N/A - - N/A
Music = = n.s = = n.s
Observations 2216 89 2216 2216 89 2216
R? 0.01 0.05 0.01 0.02 0.17 0.02
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Appendix Table 4: Nesting site 4 (stream). For R?Tjur’s R?was used.

Results for three different models, using minute-based data across all four locations. The dependent

variable is the number of entries by the common kingfisher into its nest or its visits. Non-significant

variables are marked with “n. s.”. Variables excluded from a model are marked with “-“. Coefficients

are given for significant variables. *p<0.05; **p<0.01, ***p<0.001.

Dependent variable: Common kingfisher at nesting site 4 (yes / no), using minute-based data

Bird entering its nesting burrow

Bird perching at nest site

Model 1 Model 2 Model 3 Model 1 Model 2 Model 3
Constant -2.67*** -2.92%*x* -2.67*** n.s -2.18*** n.s
Rain n.s n.s n.s n.s n.s n.s
Temperature n.s n.s n.s -0.17%** n.s -0.17%**
Daytime/minute 0.19* 0.19* 0.19* n.s n.s n.s
Daytime/minute? n.s n.s n.s n.s 0.14* n.s
Day until fledging 0.28** n.s 0.28** -0.44%** n.s -0.44%**
Day until fledging? -0.28%** n.s -0.28%** n.s. n.s n.s
Distance of activity - n.s - - n.s -
Number of people n.s - - n.s - -
Pedestrian - - n.s - - n.s
Biker - - N/A - - N/A
Dog - - n.s - - n.s
Boat - - N/A - - N/A
Fisher - - N/A - - N/A
Swimmer - - N/A - - N/A
Music - - N/A - - N/A
Observations 3413 3413 3413 3413 3413 3413
R? 0.01 0.00 0.01 0.02 0.00 0.02
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Appendix Table 5: Nesting site 1 (park). For R?Tjur’s R?was used.

Results for three different models, using minute-based data across all four locations. The dependent

variable is the number of entries by the common kingfisher into its nest or its visits. Non-significant

variables are marked with “n. s.”. Variables excluded from a model are marked with “-“. Coefficients

are given for significant variables. *p<0.05; **p<0.01, ***p<0.001.

Dependent variable: Common kingfisher at nesting site 1 (yes / no), using hour-based data

Bird entering its nesting burrow

Bird perching at nest site

Model 1 Model 3 Model 1 Model 3
Constant n.s n.s n.s 1.63***
Rain n.s n.s n.s n.s
Temperature n.s n.s 0.09* n.s
Daytime/minute n.s n.s n.s n.s
Daytime/minute? n.s n.s n.s n.s
Day until fledging 0.18* 0.18* 0.31%** 0.16***
Day until fledging? -0.01* -0.01* -0.05*** -0.01%**
Number of people n.s - 0.01%** -
Pedestrian - n.s - 0.01**
Biker - n.s - n.s
Dog - n.s - -0.08**
Boat = n.s = n.s
Fisher - n.s - -0.57*
Swimmer - N/A - N/A
Music = n.s = n.s
Observations 51 51 51 51
R? 0.14 0.14 0.80 0.78
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Appendix Table 6: Nesting site 2 (river). For R? Tjur’s R?was used.

Results for three different models, using minute-based data across all four locations. The dependent

variable is the number of entries by the common kingfisher into its nest or its visits. Non-significant

variables are marked with “n. s.”. Variables excluded from a model are marked with “-“. Coefficients

are given for significant variables. *p<0.05; **p<0.01, ***p<0.001.

Dependent variable: Common kingfisher at nesting site 2 (yes / no), using hour-based data

Bird entering its nesting burrow

Bird perching at nest site

Model 1 Model 3 Model 1 Model 3
Constant -3.12** -4.08*** -3.33%%x* -3.68***
Rain n.s n.s n.s n.s
Temperature 0.22%** 0.26*** 0.27*** 0.27***
Daytime/minute n.s n.s n.s n.s
Daytime/minute? n.s n.s n.s n.s
Day until fledging 0.16*** 0.20%** 0.18*** 0.31%**
Day until fledging? n.s n.s n.s -0.01*
Number of people -0.002** - -0.003*** -
Pedestrian - -0.02*** - n.s
Biker - n.s - n.s
Dog - n.s - n.s
Boat - n.s - -0.05***
Fisher - n.s - n.s
Swimmer - n.s - -0.03*
Music = n.s = n.s
Observations 42 42 42 42
R? 0.57 0.58 0.85 0.87
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Appendix Table 7: Nesting site 3 (meadow). For R Tjur’s R*was used.

Results for three different models, using minute-based data across all four locations. The dependent

variable is the number of entries by the common kingfisher into its nest or its visits. Non-significant

variables are marked with “n. s.”. Variables excluded from a model are marked with “-“. Coefficients

are given for significant variables. *p<0.05; **p<0.01, ***p<0.001.

Dependent variable: Common kingfisher at nesting site 3 (yes / no), using hour-based data

Bird entering its nesting burrow

Bird perching at nest site

Model 1 Model 3 Model 1 Model 3
Constant n.s n.s 1.83*** 1.75%**
Rain n.s n.s n.s n.s
Temperature n.s n.s n.s n.s
Daytime/minute n.s n.s n.s n.s
Daytime/minute? n.s n.s n.s n.s
Day until fledging 0.43*** 0.48*** 0.16** 0.19***
Day until fledging? -0.02%** -0.24%** -0.01** -0.01%**
Number of people n.s - n.s -
Pedestrian - -0.29* - -0.39**
Biker - 5.25* - 6.52%*
Dog - 0.29* - 0.38**
Boat - N/A - N/A
Fisher - n.s - n.s
Swimmer - N/A - N/A
Music - N/A - N/A
Observations 33 33 33 33
R? 0.60 0.70 0.31 0.60
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Appendix Table 8: Nesting site 4 (stream). For R?Tjur’s R?was used.

Results for three different models, using minute-based data across all four locations. The dependent

variable is the number of entries by the common kingfisher into its nest or its visits. Non-significant

variables are marked with “n. s.”. Variables excluded from a model are marked with “-“. Coefficients

are given for significant variables. *p<0.05; **p<0.01, ***p<0.001.

Dependent variable: Common kingfisher at nesting site 4 (yes / no), using hour-based data

Bird entering its nesting burrow

Bird perching at nest site

Model 1 Model 3 Model 1 Model 3
Constant n.s n.s 4.17*** 4.17***
Rain n.s n.s n.s n.s
Temperature n.s n.s n.s -0.14%**
Daytime/minute n.s n.s n.s n.s
Daytime/minute? n.s n.s n.s n.s
Day until fledging 0.25%** 0.25%** -0.003*** n.s
Day until fledging? -0.01%** -0.001*** -0.14%** -0.003***
Number of people n.s - n.s. -
Pedestrian - n.s. - n.s.
Biker - N/A - N/A
Dog - N/A - N/A
Boat - N/A - N/A
Fisher - N/A - N/A
Swimmer - N/A - N/A
Music - N/A - N/A
Observations 51 51 51 51
R? 0.44 0.44 0.71 0.71
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Abstract

In the light of technological advances, video trapping has become a practical and feasible
method for wildlife monitoring. This method can be used completely off the grid, using solar
power and cellular networks. Entry-level machine learning skills are sufficient to develop a
bespoke Al to identify events at the study site. For the setup in the field and the data analysis,
consumer grade equipment is adequate. In ecological applications, it is possible to combine
video trapping data sets with other data gathered by other methods. In this paper, we use a
combination of video data of common kingfisher Alcedo atthis at their nest and camera trap
data of outdoor activities on the river in front of the bird’s nest. Our video trap recorded a
total of 580 hours of footage. The Al trained for our study achieves an equalerror rate of 2.4%,
and allowed us to identify 6345 common kingfisher events. In future work, it is possible to
quantify the impact of outdoor activities on the river segment adjacent to the nest on the
common kingfisher’s presence. Moreover, given the relative simplicity of our setup, an
extension to more sites and longer deployments is conceivable.

Keywords: birds, canoeing, kayaking, remote sensing, SUPs, CCTV, machine learning,
computer vision, sports ecology

Introduction

For assessing the effects of human activity on wildlife, minimally intrusive automated methods
that do not require an observer present at location are most practical (Rowcliffe & Carbone
2008, Rowcliffe et al. 2011, Meek & Vernes 2016). Video trapping is a common method for
monitoring biodiversity, either through continuous recording, at scheduled intervals, or
triggered by specific events. This is done either from a fixed position or animal-borne, i.e.
attached to an organism (Rutz & Troscianko 2013, Moll et al. 2007). Video trapping is less
common than camera trapping due to the elaborate and expensive equipment needed and
the logistical challenge to set it up in the field (Young 2016, Juneau et al. 2017). With
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technological advances, like smaller devices and the ability to upload data immediately to a
cloud instead of storing it on a device at location, its application is getting more feasible to use
this method. Continuous video trapping does not rely on motion triggers or heat signatures
and hence avoids a number of pitfalls camera trapping carries. Factors affecting the efficiency
of movement triggers in camera traps are light conditions, temperature and the innate trigger
time of the camera (Swann et al 2004, Welborne 2014, Hamel et al 2013). Additionally, small
animals are less likely to trigger a camera trap (Kelly 2008, Anile & Devillard 2016, Urlus et al.
2014), with some ectothermic animals not triggering at all (Pegoraro et al. 2020). Jumeau et
al (2017) compared video trap data with camera trap data and found that the latter missed
44% of small and 17% of medium-sized mammal events. Furthermore, detection probability
is influenced by the direction of the observed animal’s approach, with a parallel approach
being detected more reliably than a frontal approach (Randler & Kalb 2018). Another method
of assessing wildlife is biologging via tags, which can have one or more technology on board,
e.g. VHF, GPS, accelerometer, gyroscope or temperature sensor. Tags are used to gather data
on physiology, location and behaviour of wild animals (Cooke et al. 2004, Hooker et al. 2007,
Ropert-Coudert et al. 2009), but oftentimes require elaborate calibration and cross-validation
(Rutz & Troscianko 2013). Furthermore, attaching tags requires capturing them and falls into
the category of animal experimentation, requiring authorization. Tags can also interfere with
the animal’s well-being or behaviour (Hawkins 2004, Wilson & McMahon 2006, McMahon et
al. 2008). For the method of video tracking, miniature video cameras are mounted on birds
similarly to tags (Bluff & Rutz 2008). This can eliminate the need for cross-validation, since the
video provides a direct record (Rutz & Troscianko 2013).

In our study, we use breeding pairs of the small bird common kingfisher Alcedo atthis as an
example to demonstrate the efficiency of video traps to quantify possible effects of human
presence on feeding behaviour. Common kingfishers are small birds, measuring 16-18 cm in
height and a wingspan of 25 cm (Fry & Fry 1999). They are plunge divers and feed on fish,
insects and amphibians (Bezzel 1985, Raven 1986,Wiist 1986, Heinzel et al. 1996, Cech & Cech
2015). For breeding purposes, most times they dig a burrow into a suitable escarpment right
next to a body of water (Bezzel 1985). After hatching, the parents bring food items into the
burrow to feed the nestlings for about 24-25 days (Fry & Fry 1999). Near the burrow, parents
choose a regular perching place to observe, rest and preen. A parent carrying a food item will
often pause on the perch before entering its burrow (Heinzel et al. 1996). Common kingfishers
have used the studies nesting site for several consecutive years and their preferred perch was
known to be right in front of the nest entrance, which is why we could observe the nest
entrance and the perch in the same frame setup. Although common kingfishers are classified
globally (IUCN 2020) and in Europe (IUCN 2016) as least concern, in Germany it is a rigorously
protected species by law (see §§ 7 Abs.2 Nr.14 It. c), 54 Abs.2 Bundesnaturschutzgesetz and §
1 Satz 2 Bundesartenschutzverordnung).

The aim of this study was to observe the bird’s activity at its nest continuously. A core

challenge of video trapping, when recording continuously without a trigger, is the volume of

the resulting data. Data transfer and storage can be a concern depending on the recording
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settings, but modern mobile bandwidth and the commercial availability of terabyte-scale
storage render this challenge conquerable. Manual review of the data is oftentimes not
feasible, thus automated methods of identifying relevant events should be used (Weinstein
2015).

Machine learning for computer vision, colloquially called artificial intelligence (Al), has made
tremendous progress in the past decade. As tools and methods evolve, building machine
learning pipelines for standard tasks becomes easier and requires less specialist knowledge.
Paired with the feasibility of running training and inference of an Al on consumer-grade
computer hardware, this technology can be applied widely. There are fully trained machine
learning solutions available, built to classify images recorded by camera traps, e.g., the
Megadetector (Beery et al. 2019). Unfortunately, they do not easily generalize to very
different setups such as the one used in our study. As Al solutions do not generalize easily,
bespoke solutions for specific datasets are needed. Such bespoke computer vision models
have already been applied in ecological studies, e.g., in species diversity monitoring of
nocturnal insects (Korsch et al. 2023).

Simultaneously to video trapping, other sensors can be deployed. This yields multiple datasets
which can be correlated and thus allow the study of interactions. As an example, we used
camera traps to observe outdoor activities on the river segment in front of the video trapped
common kingfisher nest.

In our study, we demonstrate the feasibility of deploying video traps in the field. Our setup is
powered locally and transmits data using cellular networks, which means no power or network
grid is required on-site. A bespoke Al is trained for the recorded video dataset and used to
identify times of common kingfisher presence. We qualitatively show a prospective
application in ecology by relating our video data results to camera trap recordings of human
activity close by.

Methods

The aim of this study was to observe the bird’s activity at a common kingfisher (Alcedo atthis)
nest continuously. This might serve as a proxy for feeding activity during breeding season and
rearing of the nestlings. We conducted our study at a tall escarpment at the river Regnitz,
about 7 km south of the town Bamberg, Bavaria, Germany. The escarpment is part of a small
hedgerow that is marked with a no trespassing sign. On one side, the hedgerow borders on a
small beach used for recreation. On the other side, it borders on a meadow used for
sunbathing and a dirt road used for promenading and biking. Common kingfisher and other
bird species have used the escarpment for several consecutive years as a nesting site.

The setup in the field consisted of a web-enabled 4G LTE PTZ dome camera (P5066-22 by AP),
a car battery with a capacity of 61 Ah, two solar panels with a maximum power of 80 W each
to keep the battery topped off and a weatherproof box containing the connecting electronics
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and timer (see figure 1, B & C). We propped up the solar panels at a 45° angle, with the car
battery placed under one of the panels for shelter. We mounted the video camera and box on
a board, which we attached to a pole with view of the nesting site. The video camera contained
a SIM-Card and had access to the internet. It is able to turn on three axis, which allowed to
adjust its view of the nesting site remotely from the lab, after the setup in the field was
complete. We saved the live feed on a lab computer in 5-minutes increments and then split it
into frames to train our KI. We filmed from 17" May 2022 to 14" June 2022 from right before
sunrise until shortly after sundown, resulting 16,677,876 frames.

The machine learning task was framed as a frame-wise binary classification, with the presence
of a common kingfisher as the positive class and the absence of a common kingfisher as the
negative class. We labelled 90 of the recorded 5-minute sequences by hand using the online
tool Make Sense (Skalski 2019), yielding a total of 244,200 annotated frames. Of these, 5,833
frames from 21 distinct 5-minute sequences showed presence of a common kingfisher. We
used only sequences with at least one positive class frame in training the algorithms, to reduce
the class imbalance and resulting in a dataset of 50,056 frames. We cropped the frames to a
region of interest (see figure 1, A), which covers the preferred perching location, nest entrance
and common flight path of the observed birds. This step was crucial in successfully training
the machine learning algorithms, preventing data leakage through the metadata included in
the title bar at the top of the recorded frames, as well as increasing the relative fraction of
relevant pixels for the classification. We trained the model using open-source framework
TensorFlow (TensorFlow 2023). The model used for the classification is an EfficientNet V2 BO
model (Tan & Le 2021), using pre-trained weights as provided in the TensorFlow Keras
applications library. For training, we used four-fold cross-validation. We split the dataset into
folds by recording sequence to avoid data leakage. Five folds were separated, using one as a
hold-out set across all cross-validation steps, to enable unbiased evaluation of the results.
Each training run lasted for 15 epochs, keeping the EfficientNet backbone frozen for the first
four epochs. Optimization was done using the AdamW algorithm as implemented in Keras,
with an initial learning rate of 5*10%, that was halved every epoch after the fifth. We
combined four models from one run of cross-validation into an ensemble, using the average
of the model scores as the ensemble’s output. Inference of the ensemble was conducted on
consumer-grade hardware (CPU Intel i5 at 4x3.4 GHz, GPU NVidia GTX 1070), and ran at ~100
frames / second.
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Figure 1: Pictures of the study site and equipment used. Picture A shows an example frame with a
kingfisher perching on a branch on the right of the image. The region of interest is marked in red. It
includes the kingfisher’s preferred perching spot as well as the nest entrance. Picture B shows the
dome camera used for the study. Picture C shows the connecting electronics inside the weatherproof
box.

Software used in the development process was Python 3.9.16 (van Rossum & Drake 2009),
tensorflow (TensorFlow 2023), numpy (Harris et al. 2020) and pandas (Pandas Development
Team 2020, McKinney 2010).

As an example of combination of data sets with video data, we mounted a regular camera trap
(HF2X HyperFire 2 by Reconyx) on a nearby tree at the nesting site. The camera observed the
segment of the river Regnitz in front of the videotrapped common kingfisher nest, and thus
exerted recreational activities, mainly paddling activities like canoeing or stand-up paddling.
We setup the camera trap with the default settings (3 pictures per trigger, 1 s pause between
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pictures, no delay between triggers) and blurred the lens with a filter to protect people’s
privacy. At the nearest access sites for paddling activities, we mounted signs indicating camera
traps in the area. We categorized the resulting photos and plotted them and the identified
common kingfisher events on a timeline.

Results

We captured 580 hours of video, a total of 16,677,876 frames, at a nesting site of common
kingfisher Alcedo atthis. Of these, we labelled 244,200 frames by hand to train and evaluate
bespoke computer vision models. The selection of a static region of interest within the frames
is the only site-specific step taken in the development of the model - this can be seen as a
post-hoc adjustment of the camera setup. Using cross-validation, we built an ensemble of
models to yield a more stable classifier. The ensemble achieves an equal error rate of 2.1%,
meaning it can classify individual frames with an equal 2.1% rate of false positive and false
negative results. To identify presence of common kingfishers, we selected a working point
with a set false positive rate of 0.2% and a false negative rate of 3.2%. Figure 2 shows the
model’s detection error trade-off with the equal error point and our chosen working point
marked.
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Figure 2: Detection error trade-off for the ensemble built. The red line indicates possible trade-offs of
model errors for different values of the decision threshold. The equal error point is marked with a
Cross.

We considered all frames with a model score above the threshold of 0.3 as a confident
common kingfisher indicator; all other frames were considered empty. We compared the
model results with our hand labelled results, using a holdout data set that was not used for
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model training. This places each frame in one of four categories: true positive with the model
correctly indicating a common kingfisher, false negative with the model incorrectly indicating
no bird, true negative with the model correctly indicating no bird, and false positive with the
model incorrectly indicating a common kingfisher (see figure 3 and figure 4). It is important to
interpret the models output in context. While predictions are frame-wise, we are interested
in events, meaning periods of common kingfisher presence. In order to group frames into
events, we decided that an event consists of one or more kingfisher frames, with consecutive
common kingfisher detections being no more than 5 seconds apart. Figure 3 shows model
predictions in context of events.
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Figure 3: Visualization of model predictions on hold-out set frames for two selected examples. Points
indicate the model score for individual frames, with their colour indicating their category. Event are
marked in grey.
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Figure 4: Examples of frames from all four categories of model predictions. All pictures show the area
of interest of the model used. A = true positive, B = false negative, C = true negative, D = false positive.
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We identified a total of 6,345 events, amounting to a common kingfisher presence of 30.8
hours (see figure 5). The median duration of a common kingfisher event is 4.5 seconds. We
found three events lasting more than half an hour. On closer inspection, they were identified
to be systematic errors, e.g. due to foliage temporarily covering a part of the camera’s field of
view, and thus were removed from the data set.
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Figure 5: Common kingfisher events and sum of their durations for every day of the study period.

For our example of combining data sets, we visualised common kingfisher events together
with outdoor activity events, in this case canoeing and SUPing (see figure 6). This kind of
juxtaposition allows statistical methods to be applied, e.g. correlation analysis. However, a
formal statistical analysis of both data sets is outside the scope of this paper.
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Figure 6: Visualisation of both camera and video data from 22" of May 2022. The lower part of the
graphic zooms into the indicated region. The coloured bars indicate the duration of common kingfisher
and outdoor activity events. Orange = SUP events, blue = common kingfisher events, brown = canoe
events.

Discussion

In this study, we showed that remote monitoring using video traps is feasible and can be used
where other methods fall short, e.g. for small birds like the common kingfisher Alcedo atthis.
Video traps are minimally invasive and are very reliable since they do record continuously
instead of relying on a trigger. Individually tagging the observed birds would have been
expensive, stressful for the birds and overshot our goal of observing the nesting site. Camera
traps would have likely not been able to detect the bird reliably due to its size (Kelly 2008,
Anile & Devillard 2016, Urlus et al. 2014) and speed (Rowliffe et al. 2011, Jumeau et al. 2017).
According to Randler & Kalb (2018), we would have needed to mount camera traps at most
1.2m away from the nest entrance for a trigger percentage of ~¥50%. In our study, this would
have interfered massively with the habitat and potentially negatively affected the birds.

A big challenge when deploying video traps is the amount of data gathered. We overcame this
with a bespoke Al, tailored to the study site. The Al in this study was able to detect presence
or absence of common kingfisher. We then grouped frames with common kingfishers present
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into events. These events can contain birds entering or exiting the nest, or both when in quick
succession. They also contain birds perching and displaying various behaviour, e.g. preening,
waiting for partner, luring offspring. The number and duration of common kingfisher
observations close to its nest are already highly valuable ecological information, which would
require a lot of effort to obtain otherwise. Given the reduced time investment when using
video traps, long-term studies and comparisons year-over-year are feasible. With this, subtle
changes can be made visible, e.g. in common kingfisher behaviour.

We see great potential in a more sophisticated automatic classification of displayed bird
behaviour, which could automatically count entries and exists, time spend inside the nest and
time spent perching. Creating a more complex Al will require deeper knowledge and more
time, which makes it less feasible for non-specialists. It also makes the creation of a bespoke
Al for each site significantly more costly. Another opportunity for improvement is more
sophisticated camera equipment, e.g. enhanced resolution. Eventually, this can enable
detection of more discreet behaviour like viewing direction and beak position, or type and
quality of food items. It would then be possible to infer the actual feeding activity over time.

In the context of ecological questions, we showed that it is easily possible to correlate results
of video trapping to other data sets, as we did with the presence of kingfishers and nearby
human activity. Since we used basic and standard methods to develop the Al, it is feasible to
train a custom video frame classified with entry-level knowledge. With the combination of
video trapping and Al, it is possible to study species where other methods fall short - as long
as the subject repeatedly visits a specific site, e.g. a crossing, feeding ground or nesting place.
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Abstract

Paddling activities like kayaking are said to affect fish populations. We used systematic
experiments (6 treatments x 5 repetitions) to study the effects of paddle strokes and
sediments on spawn of river trout Salmon trutta fario and found no negative effect on
hatching rate. The development of fungal growth differed non-systematically between
treatments. It is possible that different mechanisms lead to the lower fungal growths of these
treatments, which cancel each other out when combined, but the differences may also result
from few strong infection outbreaks in single water tanks due to self-enforcing processes of
fungal growths. The study began with spawn in the eye-stage (25 days old). While our findings
thus show that the egg development from eye-stage to larvae (with depleted yolk sac) are
unaffected by paddling activities, we cannot rule out possible effects on more sensitive earlier
developmental stages. Experiments under more natural conditions may be able to address
this problem. However, assessing the bottleneck in the fishes’ live cycle causing negative
population development is challenging due to the multitude of factors that influence fish
reproduction in more natural habitats, including sediment influx from agricultural fields as
well as interactions with fish stocking.

Introduction

Recreational activities in nature are important for the physical and mental well-being of
humans (Stott 2019; BMU 2021; BMU 2023). Bodies of water especially attract many
recreationists (Jennings 2007), with kayaking being one of the fastest growing activities in the
US (Bell et al. 2007). Regionally, this may lead to conflicts of paddling activity with other
interests like fishing and nature conservation. These conflicts are fanned by worries about
negative effects on local fauna by e.g. scaring breeding or foraging birds and fish away (Zauner
& Ratschan 2004), or direct mechanical inmacts on fish like injuries, destruction of spawn or
increased sedimentation. However, there seldom is scientific evidence for these claims
(Zauner & Ratschan 2004). Additionally, most mechanical impacts can be avoided by proper
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or experienced conduct and are not distinguishable from naturally occurring mechanical
impacts, e.g. debris or deluge (Zauner & Ratschan 2004).

It is difficult to argue that an increase in recreational activity is the cause of decreasing
reproduction rates in fish, since in the same period other factors affecting reproduction rates
have changed drastically (Zauner & Ratschan 2004). One of them is the degradation of the
gravel substrate due to an increase of agricultural activity. Fish like european grayling
Thymallus thymallus, huchen or danube salmon Hucho hucho, brook lamprey Lampetra
planeri and the model organism of this study river trout Salmo trutta fario need gravel
substrate to spawn eggs. Suspended matter can lead to a degradation of gravel. Particularly
fine sediments with a particle size of <0.85 mm to 1 mm are the main trigger for external
colmation (covering gravel with fine sediment) and internal colmation (filling gaps between
gravel with fine sediment) (Kondolf 2000, Soulsby et al. 2000, Sutherland et al. 2002, Schalchli
et al. 2002). Forested areas supply extremely few suspended matter into bodies of water,
whereas agricultural used areas suffer very high soil erosion, which can be displaced into
bodies of water (Schwertmann et al 1990). In Bavaria, Germany, about 3 t soil per ha end up
in bodies of water (Jung 1990, Auerswald 2006). Gravel substrate degenerated by colmation
has a reduced usefulness as a spawning site because of restricted supply of oxygen and fresh
water and restricted removal of metabolic products (Schélchli 2002, Niepagenkemper 2003 A
& B).

Fish stocking, the wide-spread practice to counteract species decline (Armstrong & Seddon
2008, Lorenzen et al. 2012, Sass et al. 2017) not always enhance fish abundance (Radinger et
al. 2023) and may influence recreational activity along with a multitude of effects on food
webs (Eby et al. 2006) or by introducing non-native genotypes (Laikre et al. 2010).

In this study, we want to start assessing whether paddling activity negatively affects fish
spawn. Paddle strokes may inhibit spawn development, lead to higher rates of fungal
infestation, or even damage or kill spawn. Resolving that question would help obtaining
important knowledge for regulating aquatic outdoor activities and resolve conflicts in
recreational spaces.

Selected study species

For our study, we chose the river trout Salmon trutta fario as our model organism, since it is
an indicator species in freshwater systems and has been used before for study purposes
(Dvorak et al 2020). River trout are common all over Europe and are classified by the IUCN as
least concern (IUCN 2012). They require fresh and clear water that is cool in the summer and
rich in oxygen. For optimal egg development, sources differ lightly in the suggested oxygen
level (Davis 1975, Kondolf 2000, Niepagenkemper et al 2003 A, Rubin et al 2004,
Schreckenbach 2010, Turnpenny & Williams 1980) but all suggest high oxygen content of at
least 2-10 mg/I.

River trout spawn from October until January in water depths of 10 — 50 cm (Jungwirth 2003).
The fertilized eggs develop until spring, which takes 1.5 to 5 months, depending on
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temperature (Elliott et al 1994, Geldhauser & Gerstner 2003). River trout are brood hiders,
meaning they slap a spawning pit into a gravel substrate, perform their mating ritual above
the pit so that the fertilized eggs sink into the pit, and burry their spawn under a blanket of
gravel (Barlaup et al 1994, Grost et al 1991, Jungwirth 2003). For this, river trout need loose
gravel substrate and a lotic water, meaning flowing waters. The spawn is photosensitive and
begins to be sensitive to being moved already one day after fertilization, which remains so
until the eyes are formed (Pulg 2009). River trout are one of the most affected species by
gravel substrate degradation since the stability and permeability of the substrate influence
the biggest factor of spawn survival, which is oxygen supply (Walker & Bayliss 2007, Pulg
2009). For optimal egg development, sources specify different temperatures, ranging
between 0°Celsius and 13° Celsius (0°-13° (Elliott 1981); 5° (Humpesch 1985); 7° (Jungwirth &
Winkler 1984)). Newly hatched river trout larvae have a yolk sack from which they feed
themselves. The larvae are mobile but keep to the gravel. After 3 to 6 weeks, the larvae
deplete their yolk sack and emerge to the surface to fill their swim bladder (Elliott 1994,
Jungwirth 2003). They are now fully developed fish.

Methods

In this study, we experimentally evaluated the impact of sediment and paddle strokes on fish
spawn, resulting in six treatment groups, each containing five tanks as repetitions (figure 1).

A) Control B) Light paddle C) Strong paddle

o] o R o o [ o o o
e el () D}(

D) Sediment E) Light paddle & sediment F) Strong paddle & sediment

o o o o o

K+

A+

Figure 1. Visualization of the 6 treatment groups (A-F). Each group consisted of 5 tanks, outfitted with

substrate, filters, water, and approximately 1.000 fertilized eggs of river trout.
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The tanks measured 30cm x 20 cm on the base and 20 cm in height. They were filed to 1/4
with black gravel substrate with an average particle size of 2-4 cm. Water level was about 5
cm below the edge. Each tank was outfitted with a mini internal filter (Eheim Skim 350, Eheim,
Germany). The study was conducted in a cooling chamber and the tanks were covered with
plastic covers to keep air moisture low.

Every tank contained about 1000 fertilized eggs of river trout Salmo trutta fario. Eggs of river
trout are very sensitive to light and vibration between fertilisation and eye-stage (LANUV
2022). This is why we conducted our study with eggs aged 25 days and already in the eye-
stage. Most European fish species spawn in winter or spring, e.g. european grayling Thymallus
thymallus, huchen or danube salmon Hucho hucho and european bullhead Cottus gobio all
spawn from March to April (Freyhof 2011, Freyhof & Kottelat 2008, LAVES 2011). Scince winter
and spring are very unattractive seasons for paddling activity, with most recreational paddling
being carried out in summer, we feel it is justified not experimenting with the most fragile
developmental stage.

The same person applied treatments every day for the duration of the study. Treatment 1 (T1)
received three light paddle strokes, moving only the water column, while treatment 2 (T2)
received three strong paddle strokes, moving the water column and the tanks substrate.
Treatment 5 (T5) received a solution of 10g fine dried sediment and water. Treatment 3 (T3)
first received the same solution as T5, followed by three light paddle strokes. Treatment 4 (T4)
also received the sediment solution, followed by three strong paddle strokes. Treatment 6
(T6) was the control group for this study and received no treatment.

For maintaining and data collection, the daily routine was as follows: Every two days the same
two people carefully exchanged the water in all tanks. They removed the plastic covers,
switched of the filters for the group that was being worked on and exchanged the water
slowly, taking great care not to disturb the spawn or substrate. Since our model organisms’
requirements for water quality agreed with the local tap water, we chilled tap water in
containers over night as to achieve the required temperature. After the water exchange, the
person applying the treatments proceeded, took note of the room temperature and visually
evaluated water quality and tank filters. Next, they turned off the filters group by group to
collect and count dead eggs and larvae or eggs presenting fungal growths due to infestation.
After that, they turned the filters back on. After evaluation, treatments were applied and
plastic covers were put back on. Since at day 10 of the study, the number of hatched larvae
became too great to count, the person applying treatments estimated this number. On day
16, the last day of the study, we counted the exact number of larvae. With this, we reviewed
the initial estimate and calculated the deviation. This resulted in two sets of data tables:
original data (OD, with in-field estimates) and corrected data (CD, with model-generated
numbers instead of in-field estimates).

During experimentation, this study was confronted with unexpected events. Nevertheless, we
are confident in our data and results. On day 14 of the experiment, the power to the
coolingroom was cut. We were able to power the filters in the tanks and lights to conduct our
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daily tasks. Power was restored early the next day, which is when the room started to cool
down again. Overall, the tanks had been approximately 4h without filters and about 1 full day
in elevated temperatures. Additionally, on day 15 of the experiment, after applying the
treatments to the sediment group and the control group, we overlooked to turn the filters
back on. Both groups were without filters over night, leading to nearly all larvae dying. We
compensated for the loss of data with modelling the entry for day 16 (end of experiment) for
these treatments, based on their development beforehand. For this, we used the same
method as for OD and CD.

Results
Number of hatched larvae

In our experiment, the number of larvae developed similarly in all treatment groups (figure 2).
On day 9 most larvae hatched in all treatments, with number of living larvae slowly declining
over the course of the sturdy. On day 11, an ANOVA analysis of the estimated number of alive
larvae shows a difference between groups (Df=24, F=2.742, p=0.043). Using Tukey’s method,
we found a slight difference (p=0.036) only between sediment treatment (mean=350.0,
sd=35.4) and combined sediment & strong paddle treatment (mean=240.0, sd=22.4). On day
16, an ANOVA analysis of the estimated number of alive larvae shows no difference between
groups.
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Figure 2. Overview of the development of the number of hatched larvae for all treatments. A) Boxplot
of the numbers of larvae compared between all treatment groups on day 11. Each treatment group
contains five tanks with ~1000 eggs each. B) Boxplot of the numbers of larvae compared between all
treatment groups on day 16. Each treatment group contains five tanks with ~1000 eggs each. C) Mean
number of hatched larvae over the course of the study for every treatment group. Each treatment
group contains five tanks with ~1000 eggs each. Black = control, blue = sediment, yellow = light paddle,
orange = strong paddle, pink = light paddle & sediments, purple = strong paddle & sediments

Development of fungal growths

In contrast to the number of hatched larvae, we found differences in the development of
fungal growths in our experiments between treatments (figure 3). These growths happen due
to naturally occurring funguses and can lead to infestation of eggs or larvae. They present as
a white, irregular growth, leading to the hosts’ death. On day 11, an ANOVA analysis of the
estimated number of alive larvae shows a difference between groups (Df=24, F= 3.533,
p=0.016). Using Tukey’s method, we found a difference (p=0.012) between sediment
treatment (mean=162.6, sd=34.8) and control treatment (mean=229.0, sd=23.4) and a
difference (p=0.023) between sediment treatment (mean=162.6, sd=34.8) and combined
sediment & light paddle treatment (mean=224.0, sd=13.4). On day 15, an ANOVA analysis of
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the development of fungal growths shows a difference between groups (Df=24, F= 4.272,
p=0.006). Using Tukey’s method, we found a difference (p= 0.013) between light paddle
treatment (mean=337.4, sd=60.4) and combined sediment & strong paddle treatment
(mean=497.2, sd=80.1) and a difference (p=0.035) between sediments treatment
(mean=356.8, sd=96.7) and combined sediment & strong paddle treatment (mean=497.2,
sd=80.1).
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Figure 3. Overview of the developments of fungal growths, presenting itself as an irregular white
growth on infected eggs or larvae. A) Boxplot of fungal growth compared between all treatment groups
on day 11. Each treatment group contains five tanks with ~1000 eggs each. B) Boxplot of fungal growth
compared between all treatment groups on day 15. Each treatment group contains five tanks with
~1000 eggs each. C) Development of fungal growths over the course of the study for every treatment

group. Each treatment group contains five tanks with ~1000 eggs each. Black = control, blue

sediment, yellow = light paddle, orange = strong paddle, pink = light paddle & sediments, purple
strong paddle & sediments

Discussion

In this study, we explored the impact of paddling activity and sediment on hatching rate of
river trout Salmo trutta fario spawn and development of fungal growths. We did not find a
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difference between treatments concerning the number of hatched larvae. Sediment, light and
strong paddle strokes and combined treatments all lead to similar hatching rates to the control
treatment. We could thus not find any indications that paddle activity is the trigger of
decreased hatching rates or spawn die-off for the in our study investigated eggs that have
reached the eye-development stage. Concerning the development of fungal growths, we
found minor effects. These did not perpetuate systematically, e.g. the lower fungal growth
rate observed in sediments treatment and light paddle treatment did not appear in the
respective combined treatment. It is possible that different mechanisms lead to the lower
fungal growths of these treatments, which cancel each other out when combined. It is also
possible that self-enforcing processes of fungal growth in single water tanks may have caused
the observation.

In our study, we worked with spawn already in the eye stage - meaning we did not experiment
with the most fragile developmental stage, which is difficult to handle and to maintain. Still,
we are confident in the relevance of our result, since most European fish species spawn in
winter or spring, e.g. european grayling Thymallus thymallus, huchen or danube salmon Hucho
hucho and european bullhead Cottus gobio all spawn from March to April (Freyhof 2011,
Freyhof & Kottelat 2008, LAVES 2011). These seasons are unattractive for paddling activity and
especially recreational paddling activities are performed mostly in summer.

Our experimental setup could not identify any hint for paddling activity or sedimentation to
be the direct cause for declining fish reproduction. In more natural systems, assessing the
bottleneck in the fishes’ live cycle causing negative population development is challenging due
to the multitude of factors that influence fish reproduction, including sediment influx from
agricultural fields as well as interactions with fish stocking. The absence of eggs may result
from missing adult fish or strong predation. If larvae are missing, then the substrate might be
compromised. If breeding areas or areas with juveniles are missing, there might be high
predation (von Siemens et al. 2012), which may result from faulty fish stocking. In addition,
several human-induced factors can cause low fish stock or missing life stages, e.g. settlements,
forestry, waterway construction and maintenance, industry, agriculture, urbanization, (river)
navigation, traffic and power generation (von Siemens et al. 2012). These factors can reduce
fish stock on different levels. The level of mortality can be increased through structural
deficits, poisoning or deadly injuries by e.g. turbines. Reproduction levels are reduced by a
shortage of spawning grounds and habitats for juvenile fish reduce reproduction, but also by
a lack of adult fish. On the genetic level, natural genetic exchange and repopulation are
hampered by loss of connections between bodies of water and habitat fragmentation (von
Siemens et al. 2012), e.g. by traversing structures.

Since we cannot discern a single factor to remove or manage to improve fish stock, an
ecosystem-based assessment and management of affected areas would be best (O’Higgins et
al. 2020). It is a costly approach, which often calls regional practices into question
(Ruckelshaus et al. 2008) and can fail when not applied wide-ranging enough or without
addressing the key bottleneck (Palmer & Ruhi 2019). For the European grayling Thymallus
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thymallus, an ecosystem-based assessment was attempted (Mattes & Meyer 2001) but failed
due to too few eggs at spawning sites. Still, focusing on re-establishing ecological processes
and habitats will have a stronger long-term effect than actions against single factors (Radinger
et al 2023).
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