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Abstract

Insects and fungi are the major contributors to forest biodiversity. It is apparent that insects
have an ecologically important effect on fungal communities in dead wood systems. Beetles
frequently visit the fruiting bodies of polypore wood-decay fungi to feed on spores and have
the potential to act as targeted dispersal vectors by carrying and disseminating fungal
propagules. However, and despite the hypothesised importance of this interaction, we know
little of who these beetle visitors are, when and how often they visit, or how long a typical visit

lasts.

In this study, beetle activity on fruiting bodies of Fomitopsis pinicola (Sw.) P.Karst. was
monitored by using commercial time-lapse cameras at 11 different sites in @stmarka in
Southern Norway. Insect visitation studies have traditionally relied on strenuous manual
observations. The goal of this study was to evaluate the use of time-lapse cameras as an
alternative to manual observations of beetle activity on polypores, something which has not

previously been attempted.

Despite various technical difficulties and a high proportion of images being of poor quality
(> 60%), the time-lapse cameras were able to generate a large amount of high-quality image
data, from which the activity of three beetle species could be estimated. The image quality did
not allow for detailed taxonomical identification of small beetle species (> 5 mm), so time-lapse
cameras should be seen as a supplement to traditional methods as opposed to a complete
replacement. The method can without doubt be improved and developed further. Time-lapse
cameras thus have great potential for use in entomological research focusing on fungus-insect

interactions.
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1. Introduction

1.1 Fungus-insect interactions in dead wood

Fungi are the major contributors to dead wood decomposition in boreal forests (Floudas et al.,
2012; Hoppe et al., 2016; Jacobs & Work, 2012). Wood-decay fungi not only colonise and
decompose dead wood, but also transport and redistribute carbon and other nutrients
underground. Insects, especially beetles, can play a direct role in dead wood decomposition,
but their primary role is likely indirect, through fungus-insect interactions (Birkemoe et al.,
2018). Beetles can facilitate the colonisation of dead wood by fungi by damaging and
weakening living trees and can aid in the dispersal of fungi by transporting fungal propagules

to newly dead wood (Castello et al., 1976; Harrington et al., 1981; Pettey & Shaw, 1986).

Dead wood is an essential component of a functioning forest ecosystem (Jonsson et al., 2012;
Lassauce et al., 2011; Lonsdale et al., 2008). It is involved in processes such as nutrient
recycling, carbon storage, and acts as a habitat for countless species of fungi, invertebrates,
mosses, etc. (Bader et al., 1995; Thunes et al., 2000). Due to the large number of species
connected to decaying wood, first and foremost a wide variety of fungi and insects (Eckelt et
al., 2018; Lachat et al., 2012; Stokland et al., 2012), the volume of dead wood is widely used
as an indicator of forest biodiversity (Junninen & Komonen, 2011; Lassauce et al., 2011;
Siitonen et al., 2000). In the 2015 Norwegian Red List for Species, 2 355 species are classified
as threatened, 47.6% of which are found in forests (Henriksen & Hilmo, 2015). As we are
facing enormous challenges related to biodiversity loss and habitat degradation (Brondizio et
al., 2019; Meyer et al., 2015), the understanding of the function and dynamics of dead wood
systems, including the ecologically important interactions between fungi and insects, is of great

importance going forwards.

Compared to the field of plant-insect interactions, a topic on which we have extensive
knowledge, fungus-insect interactions are largely uncharted territory (Schigel, 2012). Outside
a few well-known mutualistic interactions, the specificity of fungus-insect interactions has
generally been assumed to be low (Hackman & Meinander, 1979; Hanski, 1989; Lacy, 1984).
However, insects living inside fruiting bodies of polypores constitute a notable exception
(Birkemoe et al., 2018; Fossil & Andersen, 1998; Kaila et al., 1994; Komonen, 2001; Lawrence,
1973; Orledge & Reynolds, 2005; Paviour-Smith, 1960; Yamashita et al., 2015). Studies on the
host use of fungivorous insects show that beetles that feed on bracket fungi are usually

monophagous or oligophagous (Jonsell & Nordlander, 2004; Orledge & Reynolds, 2005;
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Paviour-Smith, 1960). Thorn et al. (2015) found that ciid beetles were closely associated with
host fungi, with a level of specialisation comparable to parasites or phytophages and their hosts.
In a study by Jacobsen et al. (2018a), saproxylic beetles, i.e. beetles that depend on dead wood,
were sampled from recently cut aspen logs, and fungal DNA was extracted from each individual
beetle. They found that the degree of specialisation exhibited between the insects and wood-
decay fungi identified was similar to earlier estimates for animal-mediated seed dispersal
networks. Smaller observational studies have revealed that beetles visiting common polypore

species to feed also exhibit host preferences (Hagvar, 1999; Johansson et al., 2006).

Beetles visit living polypore fruiting bodies for a variety of reasons, including feeding and
breeding purposes (Hagvar, 1999; Komonen et al., 2004; Schigel, 2011). Breeding species
usually live in dead sporocarps, although some species may breed in dead or weakened parts
(Jonsell et al., 2001; Okland & Hagvar, 1994). Only a few species are known to breed in living
sporocarps, such as the staphylinid beetle Gyrophaena boleti (L.), whose larvae live in the pores
on the underside of sporocarps of Fomitopsis pinicola (Sw.) P.Karst (Hagvar, 1999; Hagvar,
2018). Many beetles visit polypores during sporulation to feed on spores or to predate on other
animals (Héagvar, 1999; Schigel, 2011). In most cases, the beetle visitors breed in dead wood,
and not the sporocarp itself (Hagvar & OQkland, 1997; Hagvar, 1999; Kaila, 1993). Kaila (1993)
proposed that polypore-associated beetles may follow the sporocarp’s odour to find their

breeding substrate (a kairomone effect).

Spores of saproxylic polypore fungi are assumed to be primarily wind dispersed (Norros et al.,
2012; Norros et al., 2014; Nuss, 1982; Seibold et al., 2019; Stenlid & Gustafsson, 2001).
However, it is possible that wood-living beetles that visit polypores for opportunistic feeding
of spores can act as vectors for fungal dispersal (Halbwachs & Bissler, 2015; Hagvar & Okland,
1997; Hagvar, 1999; Jacobsen et al., 2017; Talbot, 1952). F. pinicola releases larger amounts
of volatiles during sporulation than during inactive phases (Féldt et al., 1999). If insects are
important for spore dispersal, this increase in volatiles could be adaptive for the fungus by
attracting insect vectors. By utilizing beetles whose habitat preferences are similar to those of
the fungus as dispersal vectors, the spores may have a higher likelihood of reaching a favourable
spot where they can germinate (Seibold et al., 2019). Spores or mycelial fragments can get stuck
to the exoskeleton and be transported by the beetle to a suitable substrate in another location
(Castello et al., 1976; Harrington et al., 1981; Jacobsen et al., 2017; Pettey & Shaw, 1986).
Furthermore, spores of certain species are able to retain viability through the insect’s digestive

tract and can thus be transported internally (Schmid et al., 2019; Talbot, 1952; Tuno, 1999).
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Several authors argue that the importance of this mode of dispersal might be underestimated

(Hagvar & Okland, 1997; Jacobsen et al., 2017; Lilleskov & Bruns, 2005; Talbot, 1952).

Although many questions remain unanswered, it is apparent that beetles have an ecologically
important effect on fungal communities. In a study by Jacobsen et al. (2018b), exclusion of
invertebrates from dead wood over two years significantly affected the fungal community
composition in the logs. This suggests that beetles and other invertebrates may be important for
the colonisation of saproxylic fungi. Despite the apparent importance of beetle visitors for
fungal activity, we know little of who these visitors are, when and how often they visit, how

long a typical visit lasts, etc.

1.2 Camera trapping as a monitoring method

Data collection of species interactions has traditionally been conducted on-site by human
observers (Steen, 2017). This imposes several limitations on both the quality and the amount of
data that can be collected. First and foremost, manual observations are time-consuming and
require the human observer to be physically present on the study site. This makes it difficult to
achieve a sufficient sampling effort, and monitoring over large spatiotemporal scales is usually

impossible (Pegoraro et al., 2020).

For insect visitation studies, insects must either be identified in situ or be physically collected
for later identification. This requires effort on the part of the observer, who must also find time
to write notes in real time, taking their focus off the focal interactions or animals in question
(Pegoraro et al., 2020; Steen, 2017). This is complicated further when insect visits happen
frequently and simultaneously. When large amounts of data are recorded this way, the loss of
some data is unavoidable. Additionally, the presence of a human observer may itself affect the
behaviour of the focal animal (Iredale et al., 2010; Osztreiher, 1995; Pereira et al., 2016). These
problems can be circumvented by monitoring insects remotely, e.g. by using cameras.
Automatically triggered cameras can produce great volumes of data on animals in their habitats,

but often at the cost of poor image quality (Gomez et al., 2016).

The use of cameras to monitor wildlife activity is nothing new. The first camera trap was
invented already in the 1890s (Shiras, 1906). Their use for conservation and scientific purposes
quickly caught on (Chapman, 1927; Dodge & Snyder, 1960) and today, cameras are widely
used in ecological research that focuses on larger, vertebrate animals (Huang et al., 2014; Meek
et al., 2014; O'Connell et al., 2010; Rovero et al., 2013; Steen & Barmoen, 2017). Since the

first appearance of commercial wildlife cameras in the early 1990s (Kucera & Barrett, 1993),



rapid advancements have been made in the way behavioural studies of mammals and birds are
conducted. Today, the widespread availability of affordable video monitoring equipment
enables large amounts of long-term image and video data to be amassed continuously and non-
invasively across multiple sites (Jones & Raphael, 1993; Rowcliffe & Carbone, 2008; Steen et
al., 2011). However, using wildlife cameras to monitor insects is still a relatively new method

in ecological research (Pegoraro et al., 2020).

Most conventional camera traps use a passive infrared sensor for their trigger, i.e. a sensor
which measures infrared light emitted from objects that generate heat (e.g. a bird or a mammal),
(Pegoraro et al., 2020). Although this can work reliably when monitoring big game, this
technology is not viable for monitoring ectothermic or small endothermic animals (Hobbs &
Brehme, 2017). Several methods have been devised to circumvent this (Azarcoya-Cabiedes et
al., 2014; Steen et al., 2011). Many of these methods rely on video motion detection, i.e.
continuous video that is automatically processed on site by a connected computer. Motion is
detected by comparing frames of video for differences, and only when motion is detected will
the footage be stored (Steen, 2017). The obvious drawback to this approach is the high
consumption of electric energy that is required for running such equipment over time. In remote
locations with limited access to on-grid electricity, battery capacity is a major limiting factor
(Rovero et al., 2013). Another limitation is that small and slow-moving animals may be more
easily overlooked, thus introducing a bias towards bigger and faster-moving animals. An
alternative to these methods is use of time-lapse cameras, i.e. cameras that shoot images or

video at regular intervals (Arjea et al., 2019; Suetsugu et al., 2017; Wiley & Kohler, 1981).

There are few studies on camera based monitoring of insects in the literature, and the majority
of studies focus on plant-pollinator interactions (Heye et al., 2020b; Mann et al., 2019; Steen et
al., 2011; Steen & Mundal, 2013; Steen, 2017; Suetsugu et al., 2017; Tran et al., 2018). In a
recent study by Schmid et al. (2019), insect visits to seven mushroom species were surveyed
using time-lapse cameras. Several studies focus primarily on methodological challenges and

their solutions (Heye et al., 2020a; Hoye et al., 2020b; Steen, 2017).

1.3 Study questions

In this project, I will test the possibility of using time-lapse cameras to monitor beetle activity

on fruiting bodies of Fomitopsis pinicola in spruce forests in south-eastern Norway.

By using this method, I aim to answer the following questions:



I.  Will time-lapse cameras be able to take photos of sufficient quality to estimate beetle
activity on the hymenium of living fruiting bodies of Fomitopsis pinicola?

II.  Isit possible to identify beetles to species from the images?

In addition, given that I am able to collect enough high-quality images, I will try to answer the

following questions:

II.  Can we infer ecological and behavioural information about individual beetle species
from the image data, e.g. temperature preferences, the duration of visits, etc.?

IV.  Does the recorded beetle activity reflect the quality of the surrounding habitat?

2. Materials and methods

2.1 The study species

To study beetle activity on polypore fruiting bodies (sporocarps), I used a common polypore
brown-rot fungus on Norway spruce (Picea abies (L.) H.Karst.) Fomitopsis pinicola (Sw.)
P.Karst. (Ryvarden & Melo, 2017). In addition to being common, F. pinicola is easy to detect,
so suitable sites for monitoring were easily found. The density of F. pinicola fruiting bodies is
higher in old-growth forest than in managed forests (Blaser et al., 2013; Komonen et al., 2004).
Bacause F. pinicola is both common and conspicuous, it is a commonly chosen study species
for entomological research (Hagvar & Okland, 1997; Hagvar, 1999; Jonsell & Nordlander,
1995; Komonen, 2003; Krasutskii, 2007; Thunes et al., 2000).

Sporocarps of F. pinicola are long-lived perennials. Individual sporocarps may live to an age
of at least 18 years (Hagvar, 2008). Therefore, they represent relatively stable habitats for
beetles and other insects that may live or feed on the hymenium layer. The sporulation period
of F. pinicola starts in early spring, when temperatures exceed 0°C, and can last until the mean
temperature drops below 0°C again in the autumn (Nuss, 1986). The rate of sporulation is at its
highest in early spring and decreases once the mean temperature reaches its highest point,
remaining at a low level for the rest of the sporulation period (Nuss, 1986). Small peaks can

occur in autumn in certain years (Hagvar, 1999).

2.2 The study area
The study was conducted in @stmarka in south-eastern Norway from May 14™ to September
22" 2019. To capture variation in the quality of the surrounding habitat, e.g. with regards to

volume of dead wood, four areas were chosen, two within nature reserves (Ramstadslottet and



Ostmarka) and another two (Skurvésen and Morterud Lake) outside the reserves (Fig. 2.1).
Within each area, I chose three sites based on the following criteria: 1) The site should consist
of spruce-dominated old-growth forest with at least two sporocarps within a radius of 10 meters
and, 2) sites should be separated by at least 100 meters. Three sites were chosen for camera
placement within each of the four areas. Only two sites were found in Skurvasen that satisfied
the requirements. Thus, I ended up with a total of 11 sites (Fig. 2.1). For each site, the volume
of dead wood and the number of sporocarps of F. pinicola in the surrounding area were recorded

by another student (Reenskaug, 2020).

RAM3
RAM2

RAM1

SKU1

SKU2

MORT3
MORT?2

MORT1

0OST1
0ST2
OST3

Figure 2.1. The 11 sites chosen for monitoring beetle activity on Fomitopsis pinicola sporocarps. The
areas in green are Ramstadslottet (RAM) and @stmarka (OST) nature reserves. Skurvasen (SKU) and
Morterud Lake (MORT) lie outside of the nature reserves.



2.3 Experimental design

At each of the eleven sites, three fruiting bodies of F. pinicola were chosen. These were 1) the
“camera sporocarp”, 2) the “control sporocarp” and 3) the “sticky-trap sporocarp”. The control
sporocarp was included in the study to account for the potential effect of the camera’s presence
on beetle behaviour, e.g. beetles being scared away by the flash. The sticky trap sporocarp was
included to compare the use of time-lapse cameras to a more traditional trapping method. All
sporocarps were growing on spruce snags. Due to a lack of suitably sized sporocarps in the area,

the sticky trap sporocarp was omitted from the site SKU?2.

A time-lapse camera of the type Wingscapes® TimelapseCam Pro Digital Camera (Moultrie
WCT-00126) was mounted on the trunk beneath each camera sporocarp on a camera mount
custom made for this investigation by the Technical department at the Norwegian University
of Life Sciences (NMBU) (Fig. 2.). The camera model has a built-in white LED flash function
that activates automatically under low light conditions. In order to capture roughly the same
surface area of the hymenium with each picture, each camera was mounted with ca. 20 cm
between the lens and the hymenium. Due to the smaller size of some of the sporocarps chosen,
the hymenium layer did not fill the entire frame in every site. Because of this, the surface area
captured differs slightly between camera sites. All cameras were set to take pictures regularly
at ten-minute intervals throughout the day. Temperature was recorded at the time of capturing
for each individual picture using the camera’s internal thermometer. The cameras were active
from May 14" to June 19", and from July 31° to September 22", though the exact activation

date for some cameras vary by a few days.

Between May 23, 2019 and June 19, 2019, I made manual visits to all 11 study sites at various
times of the day, and all beetle visits to control sporocarps were registered. At least one visit
was made to each site during the night, i.e. between 21:00 and 06:00. Each site was visited on

average 6.5 times, but only 2.3 times on average at night.

Sticky traps were mounted on the top and bottom of the “sticky-trap sporocarp” in each location.
Each sticky trap consisted of a 2 cm by 5 cm clear plastic strip that was covered in glue (Tree
Tanglefoot® Insect Barrier). These were mounted between May 14™ and May 23" and collected

on June 19,



Figure 2.2. The camera setup used in this project. A time-lapse camera is mounted to a spruce trunk at

taking a picture of the sporulating surface every ten minutes. The photo was taken at a test

’

an angle

site that was not in the final project. Photo: Tone Birkemoe



2.4 Terminology and a few clarifications

I define an observation as one individual sighting of a beetle in one single image. According to
this definition, two beetles captured in one image count as two observations, while ten
successive images of the same beetle would yield ten observations. I also use the less specific
term “activity” when discussing my findings. A challenge faced when relying on a time-lapse
image series is deciding how a visit is defined. When beetles are collected in the field, a visit
can be easily defined, i.e. each collected beetle represents one visit, with no risk of recording
the same beetle twice. In this study, because photos are taken at such frequent intervals and
beetles are not physically removed, we are likely to observe the same individuals across several
consecutive images. This introduces the potential to observe a beetle’s behaviour, but also
introduces a risk of pseudoreplication when attempting to quantify beetle visits. For this reason,
I differentiate between the term “visit” and the terms “observation” and “activity” as defined
above. The term “visit” is reserved for times when visits are discussed directly, e.g. when

estimated the number and duration of visits.

2.5 ldentifying ‘good’ images.

Due to various challenges to the image quality, e.g. sun glare, condensation and rain, a large
portion of the images were not convenient for my intended purposes. I was either not able to
identify arthropods to order level, or not able to detect them at all. However, the distinction
between images of ‘good’ and ‘bad’ quality is not clear. Determining whether an image is
‘good’ or ‘bad’ is conditional and depends on blurriness, light intensity, direction of sunlight

how much of the image is blurry, and several other factors (Fig. 2.3).



Figure 2.3. Examples of images that can be difficult to categorise as either good or bad.

Manually sorting photos according to image quality requires a huge manual effort. Therefore,
I used a Python script that calculates the Variance of Laplacian (VL) of each image and sorts
them into separate folders depending on their VL value (Appendix A). VL is used to detect
image blur, and depends on an edge detection algorithm to give an estimate of an image’s
sharpness, which can be used as an estimator of image quality (Bansal et al., 2016; Pech-
Pacheco et al., 2000). Without a point of reference, the VL value alone cannot determine the
quality of an image. Therefore, a VL threshold value had to be defined. Images with a VL value
below the threshold were automatically discarded, leaving only the ‘good’ images for manual

inspection.

To define a reasonable VL threshold value, the script first had to be taught what a ‘good’ image
looks like. A subset consisting of 123 images were manually chosen to represent ‘good’ images.
I aimed to capture as much variation as possible in what a ‘good’ image could look like (e.g.
time of day, light conditions, individual differences between sporocarps, colour, condensation,

etc.). The VL threshold value was calculated from these images based on the following formula:
Mean VL — Standard deviation of VL

This calculation resulted in a provisional VL threshold value of ~ 4.156. To measure how
accurately the script was able to categorise images with this threshold value, I compared its

performance with that of three human observers on a subset consisting of 2 000 randomly
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drawn images from the full data set. The three observers grouped the images subjectively into
either the “good” or “bad” category. Since the purpose of this exercise was to create a script
that could replace human efforts and thereby save time, I hoped to find the VL threshold value
that would result in a performance close to that of a human observer. I compared the
categorisations of the human observers and the script with the Pearson correlation coefficient

(Table 1.1.).

Table 1.1. Asubset of 2 000 images were sorted into two categories of image quality by three observers
and a fitted script (Appendix A). The association between observers and the script was calculated using
the Pearson correlation coefficient.

Observer 1 Observer 2 Observer 3 Script
Observer 1 1.0000000
Observer 2 0.7770894 1.0000000
Observer 3 0.7037062 0.7499435 1.0000000
Script 0.5127791 0.4944605 0.5104457 1.0000000

The three human observers were more correlated with each other than with the script, which
was far more lenient than the human observers. The script categorised as many as 959 images
as good, compared to the average of 739 images between all three human observers. Although
the script did not perform well when using the provisional VL value, I did not have time to

improve it further.

2.6 Preparation of data

All images classified as good by the VL-based script were annotated using the VGG Image
Annotator (VIA) tool (Dutta & Zisserman, 2019). The VIA software allows human annotators
to define and describe spatial regions in images. In practice, this means that an annotator goes
through every image individually and outlines regions that can then be assigned a class (e.g.
species identity) (Fig. 2.4.). Non-focal invertebrates were identified to group (i.e. “snail”,
“spider”, etc.). Beetles were identified to species whenever possible and were later validated by
an expert. Annotations can be exported to a plain text data file in either JSON or CSV format,

which can then be imported into other software (e.g. R) for further processing.

11



Figure 2.4. A screenshot of the VGG Image Annotator tool in action, which is used to manually annotate
images. The image contains a Thymalus limbatus (upper left) and a cluster of Gyrophaena boleti (upper
right). An outline has been manually drawn around the beetle and its species identity defined as

T. limbatus. The same was done for every focal observation in every good image.

2.7 Statistical analysis

All diagrams and statistical analyses were produced in the R programming environment,
version 3.5.3 (R Core Team, 2017). I chose to only analyse observations data from
Thymalus limbatus since I obtained the most observations of that species (See 3.2. Beetle
visitors to the polypores). The observation data of T. limbatus was analysed using a Generalised
Linear Mixed Model (GLMM), using the ‘glmer.nb’ function in Ime4 package version 1.1-21
(Bates et al., 2014). My response variable consists of count data (i.e. frequency of observations
of T. limbatus per site per 10 min.) and is assumed to follow a Poisson distribution. Therefore,
I chose to use a Generalised Linear Model (GLM), since it handles non-normal error
distributions (Zuur et al., 2009). For a normal Poisson distribution, the variance is equal to the
mean. This is often not the case with biological data. For data sets or models where the variance
exceeds the mean, the term overdispersion is used (Ver Hoef & Boveng, 2007). To deal with
overdispersion in my count data, I used a quasi-Poisson model (Zeileis et al., 2008). I chose to

use a Mixed Model since it allows me to interpret predictor variables as either fixed or random
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effects (Henderson Jr, 1982). My study design is nested, i.e. camera sites are situated within
study areas. I expect more variation between than within areas, e.g. MORT1 is expected to be
less similar to RAMI than to MORT?2. I account for that variation by including camera site as
a random effect. Flash / no flash was not included as a variable in the model since it was found
to be highly correlated with time of day. The two Skurvasen sites (SKU1 & SKU2) were
excluded from this analysis because A) the sites in Skurvéasen did not conform to the criteria for
study site quality (see 2.2 Study Area) and B) because no observations were made from the two

sites.

My aim with the analysis was to answer Study Question II (See 1.3 Study questions). I used
model selection to identify which variables best explain the variation in my response variable.
I created eight candidate models, and chose the best model based on the Bayesian Information
Criterion (BIC), i.e. the one with lowest BIC value. The model favoured by BIC essentially
corresponds to the model which is rendered most plausible by the data at hand (Neath &
Cavanaugh, 2012). I used the Akaike information criterion (AIC) to validate the BIC (Akaike,
1973). After finding the best model, I used the squared standardised regression coefficients to
quantify the relative contribution of each predictor variable in the model (Afifi et al., 2003).

The time of day was recorded as a continuous linear variable of each minute of the day
(1 —1440). If ‘Minute of day’ were fitted as a predictor in the GLMM, the response would
increase/decrease linearly with the minute of day, meaning that the greatest difference in the
response would be between ‘Minute of day’ = 1 and ‘Minute of day’ = 1440. Instead, I created
the predictor variable ‘Daily oscillation’ to represent cyclic time (Fig. 2.5.). ‘Daily oscillation’
was represented by two oscillatory transformations of ‘Minute of the day’. The transformations
were done by using single frequency cosine (cos 1) and sine (sin 1) functions! (Fernandez et

al., 2014).

Nine covariates were tried with the model selection, including fixed effects, statistical
interactions, and ‘Site ID’ as the random effect (Appendix B; Table B.1.). The fixed effects
were ‘Day of year’ (DOY), ‘Temperature’, ‘Volume of dead wood’, ‘No. of sporocarps’, ‘Study
area’ and ‘Daily oscillation’. ‘Daily oscillation” was tested for interactions with ‘Temperature’.
‘DOY’, ‘Daily oscillation’, and ‘Temperature’ were included as fixed variables, and ‘Site ID’

as a random variable in all candidate models.

! ‘Daily oscillation” (sin 1 V cos 1) = (2 x w x sin V cos x ‘Minute of day’ x x) / 1440, where x = the frequency of
the function (in this case 1).
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Figure 2.5. Visualisation of the predictor variable ‘Daily oscillation’. Daily oscillation (cos 1) peaks at
midnight. Daily oscillation (sin 1) is identical to Daily oscillation (cos 1) but is offset by % cycle.

2.8 Estimating the number and duration of visits for common species
To estimate the number of visits for a species, I defined a visit as a number of consecutive
images with the same individual beetle remaining in the frame. For this to work, I make the

following assumptions:

1) When a beetle is observed across two consecutive images, I assume that they are

the same individual and that the individual was also present in-between images.

2) If the number of individuals increases, I assume that all individuals from the

previous image are still there.

Since I am not tracking individual beetles across images, I do not know which individual leaves
if the number of individuals decreases, i.e. I do not know which visit ends. To keep it simple,
whenever the number of individuals decreases by at least one from the previous image, I treat
all visits from that image as having ended, and any number of observations from the present
image as new visits. Because visits are occasionally “split” this way, the number of visits is
likely to be overestimated while the mean duration of a visit is likely to be underestimated.

Since images are taken at ten-minute intervals, ten minutes is the smallest possible increment
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of time. To estimate the duration of a visit in minutes, the number of consecutive images is

simply multiplied by ten.

3. Results

3.1 Image quality — selecting images for further analyses

From May 14" to June 22", 2019, the time-lapse cameras took 84 354 images across all sites
(Fig. 3.1.) I encountered various problems when using the time-lapse cameras, including water
intake (OST2, August) and cameras that turned themselves off early during the experiment
(RAM3 and OST1, May/June). Several cameras also had drastically lower battery capacity than
advertised. Because of these problems, I ended up with far fewer images than expected. The
camera located at OST1 was replaced after the first period of the field season and a setup error

unfortunately left the data from this camera invalid.

Image quality varied greatly between camera sites, with the percentage of good images ranging
from 6.0% to 57.3% (Table 3.1., Fig 3.2.). There were only three sites where more than half of
the images were good. Image quality also varied within-site depending on external factors such
as time of day (Fig. 3.3.). In general, and from all but one site, a higher percentage of images
taken during the night were classified as good than of those taken during the day (Table 3.1.,
Fig 3.3.).

Approximately half of the images fell beneath the Variance of Laplacian (VL) threshold and
were automatically discarded, leaving 41 157 images for manual annotation. During the
annotation process, around 20% of these were identified as false positives and discarded. After
annotation was completed, data from 30 290 good images was left to be analysed further, i.e.

35.9% of the total number of images.
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Figure 3.1. Overview of when the cameras were working from each of the 11 sites, between May 14th
— June 19th (top) and July 31st — September 22nd (bottom). Each cell represents 24 hours; a green cell
signifies that at least one photo was taken on that day.
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Table 3.1. Number and percentage of good images taken during day and night for each
site (total number of images in parentheses). Day = 06:00 a.m. — 08:59 p.m., Night =
09:00 p.m.—-05:59 a.m.

No. of good images % good images
Site ID

Day Night Day Night
MORTI  (12241) 1263 1 640 16.5% 35.7%
MORT2 (10677 2 666 1271 39.9% 31.8%
MORT3  (12246) 4122 2893 53.8% 63.0%
OSTI ©11) 58 204 9.9% 62.8%
0ST2 (10 772) 1907 1 661 28.3% 41.2%
OST3 (4 198) 360 216 13.7% 13.8%
RAMI (5 179) 1197 855 37.0% 44.0%
RAM?2 (11 268) 2242 2452 31.8% 58.2%
RAM3 (1 065) 195 374 29.6% 92.4%
SKU1 (7 266) 2070 2126 45.4% 78.7%
SKU2 (8 529) 289 227 5.4% 7.1%
gllfr]fzs (84 354) 16 369 13919 31.0% 44.1%

SKU2 I
Sku1 B
RAM3 [
RAM2 [
RAM1 [
OST3 I
0ST2  EEEm
osT1 B
MORT3 [

MORT2 [

MORT1 EEE
[ I [ [ |

0%

25 %

20 %

5%

100 %

Figure 3.2. Overview of the distribution of good / bad images for each of the 11 sites. The green portion
of each bar represents the percentage of images from the respective site that were “good”, i.e.
deemed to be good enough for it to be possible to identify arthropods from the image.
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taken at each respective hour. The panel in the lowermost right shows the combined numbers across all
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3.2 Beetle visitors to the polypores

I identified beetles from 1 373 (4.54%) of the good images and made a total of 1 650 individual
observations (Table 3.2.). I was able to identify five species which were validated by an expert:
Thymalus limbatus, Lordithon lunulatus, Ipidia binotata, Peltis ferruginea and Triplax russica
(Fig. 3.4, Table 3.2.). The number and frequency of observations varied greatly between sites,

both in total and for individual species (Table 3.3.). No observations were made in Skurvasen

(SKU1 & SKU2).

Thymalus limbatus Ipidia binotata

Peltis ferruginea Triplax russica

Figure 3.4. The species that were identified from the time-lapse images, Thymalus limbatus,
Lordithon lunulatus, Ipidia binotata, Peltis ferruginea and Triplax russica. Images are not to scale. The
images are licenced under Creative Commons: T. limbatus, L. lunulatus and P. ferruginea by Dr. Udo
Schmidt licensed under CC BY-SA 2.0, I. binotata by Stanislav Snéll licensed under CC BY 3.0. T. russica
by John Hallmén licensed under CC BY 3.0.
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Table 3.2. Overview of all beetle species identified from the time-lapse images, the number of

observations for each species, and whether they were observed during night or day. “Unidentified

species” includes all species that were not identified to the species level.

Family and species No. Of Presel.lce
observations Day/Night
STAPHYLINIDAE
Lordithon lunulatus (L.) 219 DN
NITIDULIDAE
Ipidia binotata Reitter 90 DN
EROTYLIDAE
Triplax russica (L.) 2 D
TROGOSSITIDAE
Peltis ferruginea (L.) 1 N
Thymalus limbatus (Fabricius) 1130 DN
Unidentified species 208
SUM ALL BEETLES 1 650

Table 3.3. Number of observations per 100 images for each site, of Thymalus limbatus,

Lordithon lunulatus and Ipidia binotata, and the total number of beetles (incl. unidentified species).

Number of observations are in parentheses. No observations were made in Skurvasen (SKU1 & SKU2).

Study site T. limbatus L. lunulatus I. binotata Total
MORT1 26.46  (768) 0.14 4) - 27.73  (805)
MORT2 - 0.38 (15)
MORT?3 143  (100) 0.16  (11) 1.77  (124)

Sum MORT| 6.26 (868) 0.03 “) 0.08 (11) 6.81 (944)
OST1 - -

OST2 4.57 (163) 0.25 9) 1.68 (60) 7.20 (257)
OST3 0.52 (3) 3.30 (19) 3.82 (22)
Sum OST| 3.70 (163) 0.27 (12) 1.79 (79) 6.33 (279)
RAMI1 1.32 (27) 9.84 (202) — 11.74  (241)
RAM2 1.34 (63) 0.02 (1) - 3.62 (170)
RAM3 1.58 9) — 2.81 (16)
Sum RAM| 1.35 99) 2.78 (203) - 5.84 (427)
SKU1 - -
SKU2 - -
Sum SKU - -
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The highest number of visits was recorded for T. limbatus, of which an estimated 260 visits
were recorded (Table 3.4.). The duration of visits varied greatly between the three species. The
longest visits were recorded for T. limbatus. In contrast, more than 50% of L. lunulatus visits
consisted of single-image observations, with the longest recorded visit consisting of only six

consecutive images.

Table 3.4. The estimated number of visits, the 1° quartile, median and 3™ quartile of estimated visit
duration (i.e. number of consecutive images), and the longest estimated visit duration for each of the
three most observed species in the study.

Quartiles of duration

Species No. of of visits Longest
VISItS visit
Ist Median 3rd
Thymalus limbatus 260 1 2 5 95
Lordithon lunulatus 118 1 1 2 6
Ipidia binotata 19 1 3 4.5 19

3.3 Manual observations and sticky traps

No beetles were caught in any of the 10 sticky traps mounted on the hymenium of the “sticky
trap sporocarps” between May and June 22™ (the traps did however catch a decent number of
spruce needles, the leg of a crane fly and a couple of mosquitoes). I observed six beetles on the
hymenium during my manual observations of the “control sporocarps” (Table 3.5.). Four of

these were identified to species.

Table 3.5. All individuals observed during control trips made between May 23rd, 2019 and June 19th,
2019. Four individuals were identified to species.

Date Time Site ID Species
26.05.2019 02:15 p.m. MORTI1 -

31.05.2019 02:39 p.m. RAM3 Peltis ferruginea
16.06.2019 03:27 a.m. RAM2 Peltis ferruginea
16.06.2019 03:47 a.m. RAM2 Peltis ferruginea
16.06.2019 03:47 a.m. RAM3 -

19.06.2019 01:16 p.m. SKU2 Thymalus limbatus
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3.4 What determines the activity level of Thymalus limbatus, Lordithon lunulatus

and Ipidia binotata?

The three beetle species T.limbatus, L. lunulatus and I. binotata all exhibit temperature
preferences, although the pattern can be best seen with T.limbatus (Fig. 3.5.A.). Both
T. limbatus and I. binotata were more frequently observed at night (Fig. 3.5.B.). It is apparent

that I missed an important period of beetle activity when the cameras were shut down between

June 19" and July 31 (Fig. 3.5.C.).

The best model to explain variation in T. limbatus activity on F. pinicola was favoured by both
BIC and AIC (Table 3.6.). None of the site-specific explanatory variables, i.e. ‘Study area’,
‘Volume of dead wood’ and ‘No. of sporocarps’, were included in the best model. The ‘Day of
year’, ‘Daily oscillation’, and ‘Temperature’ all had a significant positive effect on T. limbatus
activity on F. pinicola sporocarps between May 14™ and September 22", 2019 (Table 3.7.).
There was also a significant effect of the statistical interaction between ‘Daily oscillation’ and
‘Temperature’. ‘Daily oscillation’ and the statistical interaction between ‘Daily oscillation” and
‘Temperature’ had the strongest effect, contributing to > 75% of the variation in T. limbatus
activity (Table 3.8.).

Estimating from this model, the highest frequency of observations is expected at 1:11 a.m. (Fig.
3.6.). The expected frequency of observations nearly doubles when the temperature increases
by ~ 3°C, from 0.3 to 0.6 expected observations per site per ten minutes. Few or no observations

are expected outside the night hours regardless of temperature.
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Figure 3.5. Observations of three beetle species, Ipidia binotata, Lordithon

lunulatus and

Thymalus limbatus, made using time-lapse cameras. A) Number of observations made at different

temperatures ranging from 0°C to 29°C. B) Number of observations per hour through

out the day (24

hours). The x-axis has been centred around midnight. C) Number of observations per day between May

14" and August 31°%%. No observations were made of either species in September, so all dates from

September 1% are excluded. Images were taken between May 14" and June 19", and between July 31°

and September 229, 2019.
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Table 3.6. A priori generalised linear mixed effects models for observations of the trogossitid beetle
Thymalus limbatus to sporocarps of Fomitopsis pinicola. X = term included in candidate model. BIC =
Bayesian Information Criterion. AIC = Akaike Information Criterion. AAIC / ABIC = difference in BIC and
AIC values respectively between the candidate model and the most parsimonious candidate model
according to the respective criterion. Day of year, Minute of day and Temperature were included as
fixed effects in all models. Site ID was always included as a random effect.

Volume of dead wood
Daily oscillation x Temperature

Day of year
Daily oscillation
Temperature (°C)
Study area

No. of sporocarps
BIC

ABIC

AIC

AAIC

6376.0 30.2 6278.2 5.8

=
=
=
=
=
>~
=

X X X X X X 6375.2 29.4 6277.4 5.0
X X X X X X 6365.9 20.1 6276.2 3.8
X X X X X 6355.9 10.1 6274.4 2.0
X X X X X 6365.1 19.3 6275.4 3.0
X X X X X 6355.7 9.9 6274.3 1.9
X X X X 6345.8 0 6272.4 0

X X X 6411.3 65.5 6354.2 81.8
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Table 3.7. Generalised Linear Mixed Model output® of Thymalus limbatus activity on sporocarps of

Fomitopsis pinicola from May 14" to September 22", 2019°,

Fixed Effects Estimate Std. Error Z score p-value
Intercept -9.5167314 0.9737343 -9.773 <0.001
Day of year® 0.0108164 0.0009604 11.262 <0.001
Temperature 0.2143675 0.0139746 15.340 <0.001
Daily oscillation (sin 1) 1.1897799 0.2072642 5.740 <0.001
Daily oscillation (cos 1) 3.7176921 0.2492297 14.917 <0.001
Temperature X sin 1 -0.0050317 0.0148718 -0.338 0.735
Temperature X cos 1 -0.1478838 0.0154565 -9.568 <0.001

2 No. of observations ~ Day of year + (Temperature x Daily oscillation [sin 1 + cos 1]) + (1|Site ID).
b The best model according to a BIC model selection procedure (Table 3.6.).

¢ Day of year is fitted as a continuous predictor.

Table 3.8. Variance contribution (%) of covariates in a generalized
linear mixed model of Thymalus limbatus activity on sporocarps of
Fomitopsis pinicola from May 14" to September 229, 2019.

Covariate Variance
contribution

Daily oscillation? 58.5%

Site ID 19.2%

Daily oscillation x Temperature 14.7%

Temperature 6.2%

Day of year 1.4%

@ The summed variance contribution of both daily oscillation
variables (cos 1 +sin 1). See 2.7 Statistical analyses.
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Figure 3.6. Expected frequency of observations per camera per 10 min. on August 8", 2019 of
Thymalus limbatus, throughout the day and at three different temperatures. The temperatures
represented by line colour are the mean night-time (between 9 p.m. and 6 a.m.) temperature for the
study period (orange line, 10.6°C), and the mean night-time temperature + the standard deviation in
night-time temperature (red line, 13.8°C and grey line 7.3°C, respectively.).

4. Discussion

4.1 Camera performance and automated categorisation of image quality

In this study, I used time-lapse cameras to monitor beetle activity on sporulating fruiting bodies
of Fomitopsis pinicola. In total, 84 354 images were collected. Of these, 35.9% (30 290 images)
were good enough to identify arthropods. Five large and characteristic beetle species could be
casily identified to species level from the images (Thymalus limbatus, Lordithon lunulatus,
Ipidia binotata, Peltis ferruginea and Triplax russica). Smaller species proved more difficult to
identify. Condensation, sun glare and overexposure due to strong flash were among the chief
reasons for discarding images (Appendix C). The problems I faced with sun glare were likely
exacerbated by the unorthodox placement of the cameras. Several previous studies have
experimented with a horizontal placement of camera traps (Hoye et al., 2020a; Nichols et al.,
2017; Smith & Coulson, 2012; Taylor et al., 2014), but with the lens facing the ground, unlike

the present study. Neither of these sources report difficulties with condensation or sun glare.
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The time-lapse cameras performed better at night (Table 3.1., Fig. 3.3.). Hagvar (1999) found
that beetle activity on F. pinicola is highest around midnight. High performance is therefore

most essential during the night-time hours.

During the project, I encountered various technical issues with the time-lapse cameras. Several
cameras had drastically lower battery capacity than advertised. Others turned themselves off
early due to unknown causes. These issues collectively hurt data collection by directly reducing
the amount of data that could be generated, and by effectively reducing the number of replicates
(i.e. camera sites) in the study (Fig. 3.1.). Newey et al. (2015) experienced similar issues with
obstruction of the lens due to condensation and rain, and even experienced rapid depletion of
the battery in cold weather and camera failure due to unknown causes. Although camera traps
and similar technology is widely used in ecological research, it is seldom the focus of the study.
The constraints and limitations of camera technology, including equipment failure, are rarely
acknowledged in published papers (Meek et al., 2015). If the technical issues are grave enough
and lead to data being of insufficient ecological value to the study, the study may not be
published at all. This means that information about technical issues is unlikely to emerge in the
scientific literature. Newey et al. (2015) concludes that many issues relating to the use of camera
technology in research stem from the use of cheaper models instead of more expensive,
professional equipment. The development of commercial wildlife cameras has largely been
driven by the needs of hunters, and cheaper equipment rarely meets minimum standards for

scientific application (Meek & Pittet, 2013).

Replicates are essential in ecological research, since ecological systems are inherently variable
(Quinn & Keough, 2002). Because of this, multiple camera setups are often needed for
conducting camera surveys. Cost per unit is one of the most influential factors driving the choice
of camera model by researchers (Meek, 2012). In essence, researchers forfeit quality in favour
of quantity when purchasing equipment, since this allows them to cover a greater number of

sites.

As part of the camera setup for the present project, a plexiglass cover was mounted above the
camera lens in order to protect it from water and dust (Fig. 2.2.). A rubber ring was set tightly
between the plexiglass and the camera to prevent water from entering and obscuring the lens.
Due to miscommunication with the technical department, the rings we got for the finished
camera mounts were made of foam instead of rubber (which had been used in the prototype).
These foam rings were not impervious to water, causing water droplets to be caught between
the plexiglass cover and the lens. This resulted in poor image quality across all sites until the
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problem was identified and fixed in early June. This mistake likely cost me a substantial number

of ‘good’ images from May (Appendix E; Table E.1.).

One of my major goals during the project was the automatic detection and removal of blurry or
otherwise unusable images, to reduce the amount of time spent on manual annotation. Early on,
my supervisors and I considered training a neural network to perform this task, but this was
ultimately deemed beyond the scope of my project. I ended up using a script based on the
Variance of Laplacian (VL) to filter out blurry images. About 64% of the images were discarded
from the ensuing analyses. Of these, about four fifths, or 41 157 images, were automatically
discarded prior to annotation by the VL script. The remaining fifth, or 10 867 images, were
false positives which were manually removed from the data set during annotation. This is
problematic since the manual annotation of images is very time consuming. Additionally, when
bad images need to be assessed and removed manually, we risk introducing observer bias.
Although I do not have an estimate of their number, I suspect that some good images were

falsely discarded as well.

One weakness in my method was the way the VL threshold value was chosen. The threshold
value was calculated based on the mean VL of a subset of only 123 images specifically selected
to cover as much of the variation as possible in what could be considered a “good” image. This
subset was originally created to test the viability of the method and included images from all
eleven sites. I believe that the accuracy would have improved significantly if I had used
different VL threshold values for each camera site based on images from that respective site
alone. There is much variation between sites in the quality and composition of their images,
e.g. in colour variation of both the hymenium and the backdrop, ratio of hymenium to sky in an
image, exposure of a camera to sunlight, etc. This means that there is also a certain variation in
what a “good” image will look like depending on the site from which the image originates.
Assessing the quality of an image can be very difficult, even with the experience of having
looked through several hundreds and even thousands of them. Ironically, the most reliable
indication that an image is bad is the presence of a blurry insect. When attempting to improve
the subset of images from which the VL threshold value was calculated, I placed emphasis on
including good, yet difficult images. This emphasis worked against its intent. By including
difficult images in the subset, the mean VL was pushed towards the limit between good and
bad images, leading to the inclusion of a greater number of “edge cases” which could
realistically have tipped either way. For future studies, I would recommend setting the VL

threshold value higher, leading to a more conservative inclusion of images. Considering the

28



large amount of data that can be collected when time-lapse cameras are used, the loss of some
images is not critical. Even after more than 60% of the images were discarded, I had more
individual observations than I could feasibly have made in the same amount of time, had I relied
on manual observations alone. However, it might not be possible to detect all focal visits if too
many difficult images are included. This can lead to an artificial increase in the relative
frequency of “no observation” results. The number of observations of large, characteristic
species relative to that of smaller and cryptic species may similarly become inflated due to the

higher difficulty in detecting and identifying such specimens.

Although the main criterion I set for including an image was that it should be possible to identify
an arthropod from the image, several of the resulting images did contain beetles that were not
possible to identify to species (Appendix D; Fig. D.4, Fig. D.5). These unknown beetles were
mostly small (< 3 mm), making them hard to identify, even when a larger beetle could be clearly
identified from the very same image (Fig. 4.1.). Schmid et al. (2019) had similar problems with

identifying small beetle visitors to mushrooms from time-lapse images, attributing this to the

combination of small animal size and low image resolution.

Figure 4.1. A Thymalus limbatus could be identified from this image (lower left), but it was not possible
to identify the smaller beetle (Unk. for “unknown”) in the middle of the image. Screenshot from the
VGG Image Annotation tool.
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4.2 Camera observations vs human observations

The study sites were distributed between four areas in order to capture variation in habitat
quality. The differences between sites were pronounced, both in the number of recorded
observations and which species were observed (Table 3.3.). This suggests that the species
assemblage and relative abundance of species vary greatly between sites. This is further
supported by the differences between my own findings and the findings from a previous study
from Hégvar (1999), which was conducted in the same geographical area as the present study.
Despite a large number of images, I only identified five beetle species. In comparison, Hagvar
(1999) collected 27 unique beetle species from living sporocarps of F. pinicola. Several of the
species found by Hagvar are very small and would likely have been indistinguishable from each
other in the time-lapse image. For example, I was not able to identify Ciidae from my image
data. The association between F. pinicola and ciid beetles, in particular Cis glabratus Mellié
and Cis quadridens Melli¢, has been well documented (Hagvar, 1999; Jonsell & Nordlander,
1995; Komonen et al., 2004; Lawrence, 1973). However, two species identified from my
images were not found by Hagvar. These were the sap beetle |. binotata and the rove beetle

L. lunulatus, which were recorded on F. pinicola several times in the present study (Table 3.2.).

I only made one observation of P. ferruginea from the images captured by the time-lapse
cameras. | had expected to make many more observations of this species, as several previous
studies have highlighted the association between F. pinicola and P. ferruginea (Hagvar &
Okland, 1997; Hagvar, 1999; Krasutskii, 2007; Thunes et al., 2000). It is a possibility that
visitation rates of P. ferruginea were negatively influenced by the presence of the time-lapse
camera beneath the camera sporocarps. When disturbed, P. ferruginea individuals are prone to
let go of the substrate and drop to the ground (Lunde, L.F., personal communication, July 2020)
or hide (Hagvar, 1999). The automatic flash function could potentially be disturbing. Despite a
relatively low number of manual visits (75), I collected three individuals of P. ferruginea from
two control sporocarps during control visits to my study sites. I also observed several
individuals of P. ferruginea on non-focal F. pinicola sporocarps during my stay in @stmarka.
If the time-lapse camera influenced the presence of P. ferruginea, presence of other species
may have been equally affected. This should be considered when evaluating further use of time-

lapse cameras for insect monitoring at night.

It should be noted that despite the large sample size in the present study, the number of
replicates is low. Despite my greater number of individual observations, Hagvar was able to

monitor more sites, a total of 100 F. pinicola sporocarps in contrast to my 11 camera
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sporocarps. The low number of replicates also made me more vulnerable to equipment failure.
In the second period of camera activity, three cameras failed immediately (OST1, OST3 and
RAMI1). Additionally, the camera from RAM3 failed after only eight days of activity. The
camera from SKU2, while technically working, produced virtually no good images in this
period. These events essentially reduced the number of replicates for this period to just seven

sites (Appendix E; Table E.2.).

The wildlife cameras as we used them are restricted in that they can only observe the underside
of the sporocarp. While beetles collected from the polypore fungus Fomes fomentarius (L. ex
Fr.) Kickx. are frequently found on top of the fruiting body, Hagvar (1999) found that almost
all beetles sitting on living sporocarps of F. pinicola sat on the underside, i.e. on the hymenium.
However, from my images I have observed that individuals of T. limbatus frequently sit along

the edge of the sporocarps.

Remote cameras typically generate large amounts of bycatch data on non-focal species and
interactions (Scotson et al., 2017). This data can be used to answer secondary research questions
or be shared with collaborators for whom the data is relevant. Even when non-focal
observations have not been transcribed from the image material, it can be extracted from the
image material later, at little extra cost. Non-focal animals observed on the hymenium of
F. pinicola in the present study include a variety of different species of spiders, harvestmen,

centipedes, springtails, flies, slugs and Gyrophaena boleti.

4.3 Species ecology obtained from image analysis

According to Thunes et al. (2000), the amount of dead wood in the vicinity of a site is the major
factor influencing beetle diversity in sporocarps of F. pinicola. I hypothesised that the level of
beetle activity would correlate positively with volume of dead wood. I did not find an effect of
either dead wood volume or number of F. pinicola sporocarps in the surrounding area on the
number of observations of T. limbatus. This conforms with earlier findings that dead wood
abundance is a poor predictor for saproxylic species richness and abundance at small spatial
scales (Gibb et al., 2006; Schiegg, 2000; Siitonen, 1994; Okland et al., 1996). Reenskaug (2020)
sampled beetles from the same sites and in the same timeframe as I, using window and malaise
traps. She found that forest density was the most important factor influencing both beetle
species richness and the total number of individuals collected. Neither volume of dead wood

nor the number of sporocarps in the study site’s vicinity affected the number of beetles caught.
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Because different beetle species can differ greatly in their behavioural patterns, it can be
somewhat problematic to directly compare the number of observations between beetle species.
For example, individuals of Thymalus limbatus typically remain in one place for much longer
than any of the other beetle species I recorded (Fig. 4.2.). Since beetles are not removed from
the polypore with an observation, individuals are likely to be captured by several consecutive
images. Without taking this into account, it would be easy to overestimate the actual activity
level of T. limbatus relative to other species. I was able to estimate the number and duration of
visits for T. limbatus, L. lunulatus and I. binotata by analysing the number of consecutive

images with individuals in the frame (Table 3.4.).

However, estimates of visit duration are most likely slightly underestimated, and to different
degree depending on species behaviour. For example, two or more L. lunulatus individuals were
observed together relatively more often than T. limbatus individuals. Individuals of L. lunulatus
also move more frantically around the hymenium in-between images (Fig. 4.3.), often
repeatedly exiting and re-entering the frame. Because of the way visits were estimated,
L. lunulatus visits were most likely ‘split” much more often, and counted as shorter, more
frequent visits. This issue was exacerbated by a flaw in the study design. Due to difficulties in
finding similarly sized sporocarps, camera sporocarps varied considerably in size. To ensure
that the area covered in the frame was comparable between cameras, each camera was mounted
at roughly equal distance from the hymenium layer (ca. 20 cm). For large sporocarps, this meant
that a considerable proportion of the hymenium was not in-frame. The camera sporocarp at the
sitt RAM1 was one of the larger sporocarps in the study, and as much as 202 of the 219
observations of L. lunulatus derive from this site. It is very likely that when L. lunulatus
individuals “left” the sporocarp, they were simply located elsewhere on the hymenium, and out-
of-frame. For future studies, I would recommend mounting the cameras in such a manner that
the majority of the hymenium is in-frame, regardless of sporocarp size. Differences in size can
instead be addressed by treating size as a categorical predictor variable of beetle activity (e.g.

small-medium-large).

There was frequent and heavy rainfall for most of the first period when the cameras were active,
i.e. between May 14" and June 22™. Aukema et al. (2005) found that exogenous weather factors
strongly affected the flight activity of the pine engraver, Ips pini (Say), in the Great Lakes
region of the United States. An excess of precipitation during flight periods of the hickory bark

beetle, Eccoptogaster quadrispinosus (Say), resulted in a partial mortality of the adults
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(George, 1929). The weather may have influenced my results by limiting beetle flight activity

in the period when the cameras were active.

Figure 4.2. This Thymalus limbatus individual could be manually traced across 191 consecutive images.
With images being taken at ten-minute intervals, that means it spent nearly 32 hours on the same
sporocarp! It left a feeding trail that is clearly visible on the bottom image.
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Figure 4.3. Four consecutive images of Lordithon lunulatus individuals visiting RAM1 (top to bottom
and left to right). This species is predatory, and very active during visits. In comparison, spore-feeders
typically appear more docile. Due to the large size of this camera sporocarp, much of the hymenium is
out-of-frame.

In Germany, the sporulation period of F. pinicola lasts for approximately nine months, with the
sporulation rate being at its highest prior to the beginning of June (Nuss, 1986). It is possible
that the cameras should ideally have been active sooner in the spring in order to capture more
of the temporal variation in beetle activity. Approximately a month before fieldwork started,
different camera mount prototypes were tested in a forest in As, Norway. During these test runs,
we observed many beetles. This may indicate that I missed an important period of beetle activity
before my field season started. Additionally, I missed an important activity period between the
first and second period when the time-lapse cameras were not active, i.e. between June 19" and
July 31% (Fig. 3.5.C.). Gillespie et al. (2017) found that the flight activity of both T. limbatus

and |. binotata peaked in late June.

Spore predation by beetles can have adverse effects on fungal reproductive fitness (Guevara et
al., 2000). However, several authors have proposed a possible mutualistic relationship between
certain fungi and spore-feeding beetles (Hagvar & Qkland, 1997; Jacobsen et al., 2017; Seibold
et al., 2019; Talbot, 1952). Calhim et al. (2018) concludes that the safe arrival of spores on
specific substrates is a more important driver of evolution in spore morphology than the ability

of spores to disperse far. This may suggest that the morphological traits that enable fungal
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spores to be dispersed by insects are adaptive. Fungal dispersal by wind is stochastic and often
limited in distance (Galante et al., 2011; Halbwachs & Bissler, 2015; Peay & Bruns, 2014;
Talbot, 1952). Meanwhile, insect vectors are resource oriented (Hagvar, 1999; Jonsell &
Nordlander, 1995). Komonen (2008) studied the abilities of ciid beetles to colonise Trametes
in a lake-island system in eastern Finland. He found that ciids are able to disperse up to 1.5 km
following the odours of their host fruiting bodies. In F. pinicola and F. fomentarius, the
production of odorous metabolites increases during sporulation (Féldt et al., 1999; Johansson
et al., 2006). A similar increase in volatile production during sporulation has been detected in

other fungal guilds as well (Borjesson et al., 1993).

I found that the time of day was the most important variable driving T. limbatus activity (Table
3.8.). The highest frequency of observations was expected at 1:11 a.m. (Fig. 3.6.). Additionally,
both T. limbatus and I. binotata were most frequently observed at night. Hagvar (1999)
documented increased activity at night in several beetle species visiting F. pinicola and
F. fomentarius. Nocturnal activity in spore-feeding beetles might be correlated with the diurnal
sporulation rhythm of their fungal hosts. Sporulation rhythms in fungi are often correlated with
humidity, and therefore usually highest around midnight (Haard & Kramer, 1970; Halbwachs
& Bissler, 2015; Oneto et al., 2020). Hagvar (1999) sometimes observed intense spore
production around midnight in F. fomentarius. I did not observe a pattern of nocturnal activity
in L. lunulatus. As adults, L. lunulatus are generalist predators on fungivorous beetles (Fildt et
al., 1999). They have been found to prefer F. pinicola sporocarps but are not attracted to

volatiles emitted by mycelia of the same species (Johansson et al., 2006).

Several of the species that were identified from the time-lapse images are associated with old-
growth forest and dead wood and are therefore potential spore dispersers. Both larvae and adults
of T limbatus are known to feed on the mycelia of wood-decay fungi (Mitkowski et al., 2019).
Adults are often found visiting sporocarps, where they feed on spores (Hagvar, 1999;
Mitkowski et al., 2019). In the present study, T. limbatus could also be seen feeding directly on
the hymenium of F. pinicola (Fig. 4.2.). Spores of F. pinicola can retain viability through the
digestive tract of T. limbatus and germinate after being excreted (Lunde et al. [unpublished]).
Larvae of P. ferruginea develop in decaying wood of various species, typically coniferous trees
(Mitkowski et al., 2019). Adults conceal themselves in or near dead wood, e.g. under bark, in
hollows, or hiding behind sporocarps (Hagvar, 1999; Mitkowski et al., 2019). Ipidia binotata
has been identified as a primeval forest relics species in Thiiringen, Germany (Weigel &

Fritzlar, 2007). Their larvae develop in dead wood, where they feed on mycelium (Horion,
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2009). Both T. limbatus, P. ferruginea and I. binotata can be caught using flight-interception
traps during the sporulation period of F. pinicola (Gillespie et al., 2017). All three species are
associated with both F. pinicola fruiting bodies and dead wood, making them likely candidates

to disseminate F. pinicola spores to suitable substrates where the spores can germinate.

4.4 Conclusions

In this study, I wanted to test the possibility of using time-lapse monitoring of polypores to
detect potential fungal spore dispersers on Fomitopsis pinicola. I found that time-lapse
monitoring has great potential as a method for monitoring insect activity on polypores.
However, more work is needed to understand and improve the technique for future ecological

studies.

A little more than one third of the images were of high enough quality for the identification of
arthropods to be possible. Poor image quality was mainly caused by external factors including
condensation and sun glare. The cameras performed better at night, which is also when beetle
activity is believed to be highest. However, the flash function, while necessary for night-time
monitoring, has the potential to affect beetle behaviour. This was not investigated in this study.
No images allowed for detailed taxonomic identification of small beetles, but I was able to
identify five large (> 5 mm) and characteristic beetle species. These were Thymalus limbatus,

Ipidia binotata, Lordithon lunulatus, Peltis ferruginea and Triplax russica.

Ecological information about T. limbatus activity on F. pinicola could be obtained from the
image data. The time of day, date, and temperature all had significant effects on T. limbatus
activity, and the daily activity of T. limbatus changed with temperature. Ipidia binotata and
L. lunulatus also exhibited clear temperature preferences. [ was also able to estimate the number
and duration of visits for T. limbatus, L. lunulatus and I. binotata. For the other species, the

number of observations was insufficient for such estimates to be made.

Mitigating the effects of sun glare and condensation on the lens is likely to improve the overall
image quality and enable better recordings of insect visits to polypores in future studies using
time-lapse cameras. Although beetles smaller than 5 mm in size are unlikely to be identified to
species, this nevertheless provides an efficient method for studying the overall activity and
ecology of larger visiting species. Thus, the method can potentially be transferred to other
polypore species of which our knowledge is more limited. This will increase our understanding

of beetles as potential fungal spore dispersers in dead wood systems.
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A. Python

The Python script used to calculate the VL threshold and sort images into ‘good’ and ‘bad’
directories based on that threshold. The script was provided by Hjalte M.R. Mann and is

script — Variance of Laplacian

reproduced here with his permission.

Created on Tue

This script calculates the variance of the Laplacian (VL) as a measure for sharpness of an
image in a given directory. The mean and SD is calculated.

image for each

The SortImages
value.

Oct 22 16:51:02 2019

function sorts images in a given directory on the basis of a threshold

@author: Hjalte Mann

import cv2

from statistics import mean, pstdev

import os
import shutil

path_to_good =

path_to_test

blur_good = []

"C:/Example/Path_good"

"C:/Example/Path_test"

def variance_of_laplacian(image):

return cv2.Laplacian(image, cv2.CV_64F).var()

def GetBlurry(path, output_list):

for images in os.listdir(path):

path_to_image = os.path.join(path, images)
image = cv2.imread(path_to_image)

gray = cv2.cvtColor(image, cv2.COLOR_BGR2GRAY)
VL = variance_of_laplacian(gray)

output_list.append(VL)



def SortImages(path):
# Function that sort images on

sorted_good = os.path.join(path, "sorted_good")

sorted_bad

os.path.join(path, "sorted bad")

the basis of their VL and a given threshold.

# Create a string with the path for
# sorted good images.

# Create a string with the path for
# sorted bad images.

os.mkdir(sorted_good) # Create the directory (folder) for the sorted good images in
# the test directory.

os.mkdir(sorted_bad)

# Create the directory (folder) for the sorted_bad images in

# the test directory.

for images in os.listdir(path):
if images.endswith('.JPG"):

path_to_image

image

VL

if VL > threshold:

shutil.move(path_to_image, sorted_good) # ...

if VL < threshold:

shutil.move(path_to_image, sorted_bad) # ...

HHH#
S A

A A

cv2.imread(path_to_image)
gray = cv2.cvtColor(image, cv2.COLOR_BGR2GRAY)

# Loop over images in the direcotry given by "path"
# But only do the rest if the filename ends with
# .JPG (we have just created two folders in the
# test directory and we don't want to include

# these in the next.)

os.path.join(path, images) # Set the full path to the

# image.

# Load the image

# Convert the image to
# grayscale.

variance_of_laplacian(gray) # Calculate VL with the

# variance_of_laplacian-function.

# If the VL for the image is above the given

# threshold...

then move it to
# the sorted_good
# folder.

# If the VL for the image is below the given

# threshold...

then move it to

# the sorted bad folder

### Now we use our function on our data:

#
#

GetBlurry(path_to_good, blur_good)

#
good_mean = mean(blur_good) #
good_sd = pstdev(blur_good) #

threshold = good_mean - good_sd #

SortImages(path_to_test) # Run our

Run out GetBlurry-function on the good images. Set
the output list to blur_good (the empty list we
defined earlier in the script).

Calculate the mean VL for the good images
Calculate the VL SD for the good images

Set the threshold as VL-SD ( values from good images)

SortImages function on the images in the test folder.

# The function uses the threshold above, which can also just be

# set manually (e.g. threshold

HHH
HHHHHH AR

B R e e

### Print some stuff:

print("Mean VL for good: ", good_mean)
print("VL SD for good: ", good_sd)
print("Threshold set to: ", threshold)
print("All done")

AL

S
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B. Covariates

Table B.1. A list of the covariates that were included in the model selection procedure to find the best
GLMM of Thymalus limbatus activity on Fomitopsis pinicola from time-lapse images taken between
May 14" and September 22"9, 2019.

Covariate Description

FIXED EFFECTS

Temporal Day of year (DOY) Continuous predictor (134 — 265).
variables 1 =January 1%, 2019.
Daily oscillation... Oscillatory transformations from a linear

daily covariate (Minute of day, 1 — 1440).

... (sin 1) - Single frequency sine function.
... (cos 1) - Single frequency cosine function.
Enwmfpmental Temperature (°C) Continuous variable measured with the
variables

cameras’ internal thermometer.

Site-specific

] Dead Wood Volume The estimated volume (V) of course
variables

woody debris! (CWD) within an area of
25m x 25m around the study site.

xhr?

V was calculated as V = , Where

h = height & r = radius at breast height.

1 of diameter >10 cm and length > 1m

No. of sporocarps Number of F. pinicola sporocarps within
an area of 25m x 25m around the study
site.

Study area Factor variable w/ four levels
(MORT, OST, RAM & SKU)

Statistical

. ) Daily oscillation (cos 1 & sin 1) was
interactions

tested for interactions with Temperature.

RANDOM EFFECTS

Spatial Site ID Factor variable w/ 11 levels, correspond-
variables ing to study site
(MORT1, MORT2, MORTS3, etc.)




C. Examples — bad images D. Examples — beetle visitors

Figure D.1. Ipidia binotata, OST2, June 14,

Figure C.1. Poor quality due to sun glare and dew.

-

Figure C.2. Poor quality due to overexposure. Figure D.2. Lordithon lunulatus, RAM1, June 15,

e

Figure C.3. Poor quality due to sun glare. sica, MORT3, June 10™.

Figure C.4. Poor quality due to condensation or fog. Figure D.4. Unidentified beetle, RAM2, August 28™.

Figure C.5. Poor quality due to rain. Figure D.5. Unidentified beetle, MORT1, June 9.



E. Number of good images per study site and per day

The frequency of good images per study site for each individual date with at least one active
camera, for each of the two periods when cameras were active (May 14™, 2019 — June 19%,
2019 on this page; July 31, 1019 — September 22"¢, 2019 on the next page). NA (marked in
grey) signifies that the camera was not active on that day, typically because the camera had not
been placed out yet or because it turned itself off during fieldwork (e.g. because the battery had
run out). Cells are coloured in a gradient from red to white, with Os being filled in with the
darkest shade of red.

Table E.1. Frequency of good images per site and per day from May 14" to June 19, 2019.

MORT1 MORT2 MORT3 OST1 OST2 OST3 RAM1 RAM2 RAM3 SKU1l SKU2

14.05.2019
15.05.2019
16.05.2019
17.05.2019
18.05.2019
19.05.2019
20.05.2019
21.05.2019
22.05.2019
23.05.2019
24.05.2019
25.05.2019
26.05.2019
27.05.2019
28.05.2019
29.05.2019
30.05.2019
31.05.2019
01.06.2019
02.06.2019
03.06.2019
04.06.2019
05.06.2019
06.06.2019
07.06.2019
08.06.2019
09.06.2019
10.06.2019
11.06.2019
12.06.2019
13.06.2019
14.06.2019
15.06.2019
16.06.2019
17.06.2019
18.06.2019
19.06.2019

Vi



Table E.2. Frequency of good images per site and per day from June 31 to Sept. 22", 2019.

MORT1 MORT2 MORT3 OST1 OST2 0OST3 RAM1 RAM2 RAM3 SKU1 SKU2
[T22 3 51 61 31.07.2019
107 133 144 141 01.08.2019
142 139 141 140 02.08.2019
124 140 144 141 46  03.08.2019
44 120 59 49 46 97 04.08.2019
51 99 44 64 50 99 05.08.2019
41 127 130 67 48 128 06.08.2019
31 143 125 104 69 136 07.08.2019
140 08.08.2019
09.08.2019
10.08.2019
11.08.2019
12.08.2019
13.08.2019
14.08.2019
15.08.2019
16.08.2019
17.08.2019
18.08.2019
19.08.2019
20.08.2019
21.08.2019
22.08.2019
23.08.2019
24.08.2019
25.08.2019
26.08.2019
27.08.2019
28.08.2019
29.08.2019
30.08.2019
31.08.2019
01.09.2019
02.09.2019
03.09.2019
04.09.2019
05.09.2019
06.09.2019
07.09.2019
08.09.2019
09.09.2019
10.09.2019
11.09.2019
12.09.2019
13.09.2019
14.09.2019
15.09.2019
16.09.2019
17.09.2019
18.09.2019
19.09.2019
20.09.2019
21.09.2019
22.09.2019
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