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Abstract

Ants are important ecosystem engineers who affect soil properties, the flow of energy and nutrients
across ecosystems, and greatly impact the maintenance of ecosystem heterogeneity. However, there
is still a lack of knowledge regarding the role of ants in temperate grasslands and larger scale information
about nest densities and patterns is rarely available. In this study | quantified the nest mounds of a
Formica exsecta Nyl. supercolony on a subalpine grassland in the Swiss National Park (SNP), using an
unmanned-aerial-vehicle-based thermal infrared camera. | measured and compared total nitrogen (N)
and carbon (C) concentrations of the soil and the vegetation on and off ant mounds, and calculated the
contribution of the ant mounds to the grassland’s N and C pools. The number of F. exsecta mounds on
the grassland has increased to more than 1600 mounds over the past ten years. Although the ant
mounds only contributed less than 1% to the soil N and C pools on Alp Stabelchod, F. exsecta increased
the heterogeneity across the grassland. Ant mounds were characterized by higher soil temperature.
Significantly lower soil bulk densities were paralleled by higher total soil N and C concentrations
compared to the surrounding grassland. Additionally, the vegetation growing on ant mounds contained
significantly higher N and lower C concentrations compared to the vegetation growing off the ant
mounds. Heterogeneity was enhanced at a local, but also at an ecosystem level due to the heterogenous
distribution of the ant mounds. This increased heterogeneity possibly affects other trophic levels, for
example, plant species composition, invertebrate or microbial decomposers or large primary consumers

such as red deer.
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1 Introduction

Ants (Hymenoptera: Formicidae) are eusocial insects that have long been recognized for their key role
in supporting ecological processes in most terrestrial ecosystems (Del Toro et al., 2012; Folgarait, 1998;
Holldobler & Wilson, 1990; Wills & Landis, 2018). Their effects on ecosystems are diverse and complex,
as they can not only regulate ecosystems top-down as consumers, but also bottom-up as ecosystem

engineers (Schumacher, 2010).

Through foraging, nest or mound building activities, ants are considered important regulators of animal
and plant community structure (e.g. Del Toro et al., 2012; Wills & Landis, 2018). Ants have been reported
to alter the abundance of other invertebrate species from all trophic levels, interfere with their behavior,
and to affect plant species composition, diversity, abundance, and spatial heterogeneity (Konec¢na et
al., 2021; Schiitz et al., 2008; Escobar-Ramirez et al., 2012 and Prior et al., 2014 cited in Wills & Landis,
2018). In their role as ecosystem engineers, ants affect energy and nutrient flows across almost all types
of terrestrial ecosystems (Wang et al., 2017) and greatly impact the maintenance of ecosystem
heterogeneity (Jouquet et al., 2006) by altering the soil physical and chemical properties in the
immediate surrounding of their nests. Altered soil physical properties include reduced soil density
(Golichenkov et al., 2019), increased soil aggregate formation and porosity (Cammeraat & Risch, 2008;
Drager et al., 2016), and altered soil infiltration rates (Cammeraat & Risch, 2008), whereas altered
chemical soil properties such as carbon (C) or nutrient concentrations and dynamics, can significantly
differ between ant nests and the surrounding soils (Del Toro et al., 2012; Lavelle et al., 2006;

Schumacher, 2010; Wagner & Jones, 2006; Wu et al., 2010).

Even though the impacts of ant nests on soil properties have already been studied for a variety of
different ecosystems and several ant species of high abundance or ecological importance, larger scale
information about nest densities and patterns is rarely available but considered crucial to understand
the impacts of ants on ecosystem level (Wu et al., 2013). Specifically, Wills & Landis (2018) concluded
in their review, that there is still a lack of knowledge regarding the role of ants in temperate grasslands,
especially on how they suppress pest, or affect soil C and nutrient cycling, microbial and plant

community compositions.



With this study | aimed to contribute to the understanding of the role of ants in temperate grassland
ecosystems and how they affect the distribution of soil C and soil nutrients. | therefore quantified nests
of the mound-building ant species Formica exsecta Nyl. on a 11 ha large subalpine grassland in the
Swiss National Park (SNP). | measured total nitrogen (N) and total C concentrations of the soil; in, below
and off ant nests as well as in the vegetation on and off the same nests. | calculated the contribution of
the nests to the overall C and N pools of the grassland and investigated whether ants accumulate C and

N in their nests and thus increase the overall heterogeneity of the grassland.

The nests of the polydomous F. exsecta on Alp Stabelchod were already quantified in the years 1998
(unpublished) and 2007 (Schitz & Risch, 2013, 2014) via field survey by counting them manually. This
approach is very time-consuming and therefore expensive. Field surveys also induce disturbance, which
should be kept to a minimum in a protected area such as the SNP. Consequently, the nests of F. exsecta
were only counted every 10 years despite an existing interest in higher temporal resolution of the data.
| therefore decided to assess a different, potentially more widely applicable approach for counting ant
nests. A method based on remote sensing combined with automated, computer-based nest detection
could potentially reduce the amount of time and money spent and the level of disturbance created. It
would, therefore, allow a shortening of observation time intervals in further research projects. Moreover,
information about nest numbers and properties has to date been collected per cell (20 m x 20 m) of a
grid spanning the entire grassland, making the identification of individual nests over time impossible.
Remote sensing facilitates georeferencing of individual nests, thus enabling, for example, detailed
observation of the changes in the dimensions of particular nests over time. To summarize: a method
based on remote sensing would possibly allow studying nest dynamics with a higher temporal and

spatial resolution in the future.

To the best of my knowledge, no study has so far examined the use of a thermal camera to detect
F.exsecta mounds. The use of a remote sensing approach with or without thermal cameras to detect
ant nests, however, has been examined in several studies, mainly focusing on the detection of mounds
of ant species with adverse effects on humans, like the imported fire ant species Solenopsis invicta
Buren and Solenopsis richteri Forel (Green et al., 1977; Klimetzek et al., 2021; Vogt, 2004b, 20043a;
Vogt & Wallet, 2008; Wylie et al., 2021) or the red harvester ant Pogonomyrex barbatus (Dibner et al.,

2015; Fletcher et al., 2007). A majority of these studies focused on sensors in the near-infrared (NIR)



spectrum, which was shown to have limitations (Song et al., 2020; Vogt & Oliver, 2006), In addition, in
all these studies the sensors were mounted to aerial vehicles (planes) or satellite imagery (Fletcher et
al. 2007, Vogt & Wallet 2008) which only provides coarse spatial resolution data. Furthermore, highly
time-consuming photo-interpretive techniques were used (Green et al., 1977; Vogt, 2004b).
Nevertheless, the increasing availability of sensors in the mid-infared (MIR) and low-infrared (LIR)
spectrum have recently provided new opportunities for mound detection (Wylie et al., 2021). In
particular, combining LIR sensors with unmanned aerial vehicles (UAV) (Song et al., 2020) allows

collecting thermal data at high spatial resolutions.

Some characteristics make F. exsecta, in my perception, well suited for applying remote sensing. As
the species cannot increase the temperature inside the nest via metabolic heat production, it particularly
depends on direct insolation and is therefore mainly found in open grasslands and not in shaded
woodlands (Seifert, 2000). The upper part of the nest, the mound, thus often works as solar collector
(Kadochova & Frouz, 2013). While efficient ventilation systems can be used for thermoregulation inside
the nest (Kadochova & Frouz, 2013), the mound surface of some ant species has been shown to reach
temperatures of over 50°C during daytime, which is significantly higher than the one of the surrounding
matrix (Streitberger & Fartmann, 2015). | therefore chose to investigate the use of an unmanned aerial

vehicle (UAV) equipped with a thermal LIR camera for F. exsecta nest detection.

1.1 Research Questions

The main questions addressed with this study are the following:

e Is it possible to count Formica exsecta nests using a remote sensing approach?

o How has the ant mound density and overall mound volume changed over the past 20 years on
Alp Stabelchod and are specific patterns visible?

e Do C and N concentrations of the soil and the vegetation differ on versus off the ant mounds?

e To what extent do ant mounds contribute to grassland C and N pools and their heterogeneity?



2 Methods

2.1 Study site and study organism

The study was conducted on Alp Stabelchod, a subalpine grassland located within the SNP. The SNP
was founded in 1914 and is therefore the oldest national park in the Alps (IUCN, 2021). It is designated
as Strict Nature Reserve (IUCN Management Category 1a), where human visitation, use and impacts
are strictly controlled and limited to ensure protection of the conservation values (IUCN, 2021). The
mean annual temperature since 1917, recorded at the parks weather station in Buffalora (1977 m), is
0.44°C £ 0.73 °C (mean % SD) and the mean annual precipitation is 911 mm £ 166 mm (MeteoSchweiz,
2021). In the SNP, June represents the beginning of the growing season, which typically lasts until end
of September. Alp Stabelchod is located at an elevation of 1950 m and has a uniform slope of 6° in
southerly direction (Schitz et al., 2008). It was a summer pasture for cattle for about 500 years (Schorta,
1988 cited in Schitz et al., 2003) before agricultural use was stopped in 1918 (Schitz et al., 2003) after

the foundation of the SNP.

Formica exsecta Nyl, is a mound building species which inhabits very different open or slightly shaded
habitats (Seifert, 2018). F.exsecta can either live monogynous and monodomous or form polygynous
and polydomous colonies (Pamilo, 1991). In Switzerland, the majority of colonies is generally
polydomous and therefore polygynous (Kutter, 1977 cited in Maggini et al., 2002). On Alp Stabelchod
we also find the polygynous and polydomous variety. This insect species is listed as “strongly
endangered” in the Red List of endangered species in Switzerland, which corresponds to “vulnerable”
in the IUCN Red List (Bundesamt fir Umwelt Wald und Landschaft, 1994). Although it is probably the
least endangered species from the subgenus Coptoformica in Central Europe, the populations of F.
exsecta have dramatically declined since 1950 due to changes in forest management (i.e. afforestation
of clearings and meadows, vanishing of coppice wood management) and intensified agriculture (Seifert,

2000).



2.2 Study design

The study took place from the beginning of June to end of July 2021. The open grassland of Alp
Stabelchod comprises 10.7 ha and is covered with permanent corner posts of a grid of 268 cells (20 m
x 20 m) that were installed by Achermann (2000), (Figure 1). The coordinates of 200 mounds evenly
distributed across the grassland were recorded (Trimble GeoXR real-time kinematic GNSS; accuracy of

< 0.10 m), and two perpendicular diameters, as well as the height of each mound were measured.

Mounds of F. exsecta were already counted

twice on the grassland in 1998 and 2007 using

grid cells to facilitated orientation (see Figure

2). In this current study | randomly selected 20

of these grid cells in which at least one mound

was found. Within each cell | located the ant

mound with a diameter of at least 20 cm closest

to the cell center and marked it with a brush flag

to ease monitoring. At each selected mound,

the following samples were taken: (A) paired Y

soil core samples from (1) the aboveground, (2)

Legend

- Selected grid cells
the belowground part of the mound and (3) two Supplementary cells
:I Total grid

meters distance from the mound center, (B)

Figure 1: Schematic illustration of the 268 cells (20 m
paired samples of aboveground vegetation (1) x 20 m) covering the entire grassland Alp Stabelchod.
20 grid cells containing at least one ant mound were
on the mound as well as (2) at two meters randomly selected and used for soil and vegetation

sampling. 12 additional cells were randomly selected
distance from the mound center (Figure 2). for mound count validation.

Additionally, to the 20 selected cells, 12 more cells (Figure 1) were randomly selected for the validation

of mound count data obtained via remote sensing (Chapter 2.6).

2.3 Soil sampling
Soil cores of 5 cm diameter and 10 cm depth were collected using a stainless-steel corer (AMS
Samplers, American Falls, Idaho, USA) on June 9 (Figure 2). All samples were dried at 60°C in an oven

(Binder, Tuttlingen, Germany), weighed and then sieved for 30 seconds at an amplitude of 0.5 mm with



a 2 mm sieve insert (Analysette 3 PRO, FRITSCH, Germany). Any ants found within the samples were
carefully removed and large clumps of soil were crushed in a mortar prior to sieving. The sieved soil
samples were ground for 3 minutes at a frequency of 300 s™' using a mixing mill (MM400, Retsch®,
Germany) and then analyzed for total C and N concentrations (Leco TruSpec Analyser, LECO
Corporation, St. Joseph, Michigan, USA). The bulk densities of the material from the aboveground part
of mounds and off the mounds were available from former years. For measuring the bulk density of the
belowground part of mounds additional soil cores from 10 randomly selected mounds were taken, dried

at 105°C for 24 hours and weighed.

2.4 \Vegetation sampling

The aboveground vegetation samples were collected on June 19, when the vegetation development
was advanced, but slightly prior to peak biomass. The vegetation in an area of 10 cm x 10 cm (1) on the
south-facing edge of the mound and (2) at a distance of 2 m from the mound center, the south-facing
part of the edge of the mound was clipped at ground level and placed in paper bags (Figure 2). The
samples were dried at 60°C and ground for 2 minutes at a frequency of 300 s™'. Total C and N
concentrations were thereafter analyzed (Leco TruSpec Analyser, LECO Corporation, St. Joseph,

Michigan, USA).

Soil sampling Vegetation sampling

=
g x=10cm X GIOCma

7 . I

Figure 2: Schematic illustration of the sampling method. Soil cores of 10 cm height and 5 cm diameter
were extracted on the mound, directly under the mound and at a distance of 2 meters from the mound
center. The vegetation from an area of 10 cm x 10 cm was cut on the mound edge and at a distance of
2 meters from the mound center.



2.5 Counting ant mounds using remote sensing

The flight was performed with an ASCTEC Falcon 8 (Intel®, California, USA) octocopter equipped with
a long wave infrared (LIR) thermal camera FLIR Tau® 2 640 (Teledyne FLIR LLC, Oregon, USA;
spectral band 7.5 - 13.5 ym; Figure 3) on June 15, 2022. The ASCTEC Navigator software (Intel®,
California, USA; v.3.4.4) was used for flight planning, installed on a laptop which acted as ground station
to control the flight in real-time (Rossi et al., 2021). Due to battery life limitations, flight planning was
optimized to minimize flight time. For this purpose, the flight was performed at an altitude of 60m with a
forward and side overlap of approximately 50% and the outermost corner points were removed from the
ideal flight plan. Three landings were needed for battery changes to cover the entire grassland area.
The weather conditions were sunny with light winds and a mean temperature of 12.6° C (Tmin = 0.3°C,
Tmax = 22.8°C). Temperature differences between mounds and the surrounding vegetation were found
to be largest between noon and sunset (Appendix A.1), the flights were performed between 15:30 and
17:00 hrs. The south-western part of the pasture had to be re-imaged on July 7 at 12:00 because the
thermal orthomosaic generated was distorted due to the high vertical structure of trees in the area. Data

acquisition was performed at the same altitude with a forward and side overlap of 60%.

Geotags were assigned to the images using ASCTEC Navigator. Pix4D Mapper (Pix4D S.A., Prilly,
Switzerland; v.4.5.6) was used for orthorectification using structure from motion (Westoby et al., 2012),
to transform and combine the collected images into a thermal orthomosaic of the area. 26 Ground
Control Points (GCP) were evenly distributed over the entire grassland and used for georeferencing: 8
of these GCP were noticeable structures, which were marked in the field using white plastic panels.
Additionally, | selected the 18 largest of the 200 mounds, of which coordinates and the diameters were
measured as GCP. Their coordinates were assigned to the images by identifying the largest mound in

the images that matched the coordinate.

Further data processing was performed in ArcGIS Pro 2.7.0 (ESRI, California, USA): The thermal layer
was rectified based on 141 control points using a spline transformation (Georeferencing toolbar). The
ArcGIS Pro 2.7.0 Deep Learning toolset was used to label ant mounds for deep learning and to train
Region Based Convolutional Neural Networks (R-CNN). To train the R-CNNs, two training areas were
defined that covered a broad gradient with different tree, shrub and grass dominance. In these training

areas, the thermal layer was manually searched and a total of 300 mounds were identified, labelled and



exported as training data for the R-CNN. 10% of the training data was assigned to be used as validation
dataset during the model training. The following model settings were compared: two backbone models
(Resnet50; Resnet100), batch sizes (2; 8), and confidence thresholds (50%); 75%) at which a mound
was classified as such. To evaluate the model’s accuracy, the F-score (Sasaki, 2007) was calculated in

ArcGIS Pro 2.7.0.

0.75 ym 1.4 ym 3um 8 um 15 pm 1000 pm
’ Near-infrared | Short wave Medium wave Long wave

T A |
] .

10% um 106 um 10° ym

Figure 3: Schematic illustration of the classification of the electromagnetic spectrum into bands. The
figure is adapted from PROTHERM (retrieved on January 15 from hitps://www.pro-
therm.com/infrared_basics.php). The sensor used in this study is sensitive for the long wave region of
infrared.

2.6 Training independent validation of mound counts

All ant mounds in the 20 selected grid cells used for soil and vegetation sampling and all mounds in the
12 additionally selected cells were counted in situ. This data was used to validate the Deep Learning
model outputs. | used RStudio (RStudio Team, 2021; v 1.4.1106) to fit a linear regression for predicted
(field survey) versus observed (detected by R-CNN) mounds and analyzed the Root Mean Squared

Errors (RMSE) for the models. The model with the lowest RMSE was considered the best model.

2.7 Determination of mound diameter and height

| calculated the diameters of the mounds detected by the deep learning model in ArcGIS Pro 2.7.0
overlaying a Minimal Bounding Rectangle on each mound and deriving its perpendicular diameters D+
and D2 (Figure 4). A Generalized Additive Model (GAM) from the mgcv package (Wood, 2011, v 1.8-

38.1) was used to predict the height based on the average diameter. The GAM was based on height



and diameter data of a total of 2309 mounds: 200 of which were the mounds measured in 2021 and the

rest from field measurements obtained in 1998 and 2007.

2.8 Calculation of C and N pools

| first calculated the volume of each mound V1 using the formula of half an ellipsoid (Risch et al., 2005;
Sudd et al., 1977). The belowground mound volume V2 was assumed to be elliptic-cylindrical, with depth
x corresponding to the extracted soil sampling depth of 10 cm. For the volume of the surrounding
reference soil matrix Vs, the area covered by mounds was subtracted from the total area of the

respective grid cell and multiplied by 10 cm (Figure 4).

For all three sampling locations separately (above- and belowground mound parts, off mound), |
multiplied the bulk density (BD;) with the soil C or N concentration (NCi) and the volume (Vi) to calculate
the total N and total C pools [kg] (Figure 4). Total N and C pools were calculated for each mound and
each grid cell individually, summed up for each sampling location and then divided by the total pasture
area to calculate the contribution of each sampling location to the total N and C pools in the pasture.

The contribution of vegetation to the pools has not been considered.



1. Aboveground part of mound 3. Off mound

‘ Total Nabovegraundmound: BDI * NCI * Z V] | ‘ Total Nmatrix = BD3 * NC3 *X V3 ‘

V, [m]= A*x

matrix volume

- 2
V, [m’]= 3_:: R*R,*h

on mound volume

V, [m3]= 7z*R*R,*x
belowground-mound volume

| Total Nbelowgroundmaund= BDZ * NCZ *3 V2 |

2. Belowground part of mound

Figure 4: The formulas used for the calculation of volumes and total nutrient content of the
different sampling locations (aboveground and belowground mound, off mound) are given. A
schematic illustration visualizes how the different parameters were collected. The average bulk
densities (BD;i) and nutrient concentrations (NCi) were calculated for each sampling location.
Radii R1 and R2 were calculated by overlaying a Minimal Bounding Rectangle (dotted
rectangle) in ArcGIS Pro 2.7.0 and height h was derived from the average radius via fitting a
GAM on diameter and height data available. The variable x corresponds to the sampling depth
extracted with the stainless-steel corer.

2.9 Statistical analyses

Statistical analyses were performed in R (R Core Team, 2021; v 4.0.5) using RStudio (v 1.4.1106).
Alpha was set to be 0.05. Graphics were created using the ggplot2 package (Wickham, 2016; v 3.3.5).
To assess differences between the total soil N and C concentrations between the three sampling
locations (aboveground and belowground mound, off mound), | fitted a linear mixed effects models with
the Imer function in the Ime4 package (Bates et al., 2015; v 1.7-27.1) and used the ImerTest package
(Kuznetsova et al., 2017; v 3.1-3) to calculate p-values. In all models, sampling location was used as a
fixed effect, the nest ID as a random effect. In case of significant differences, pairwise comparisons
between the sampling locations were tested using a post-hoc test from the emmeans package (Lenth,

2021; v 1.7.0). To compare the bulk densities of the three sampling locations, | used a one-way ANOVA.

To analyze the mound distribution patterns over time, density maps, the differences per grid cell, and

an Optimized Hot-Spot Analysis (Spatial Statistics Toolset) were calculated in ArcGIS Pro 2.7.0.
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A. Thermal Map of Alp Stabelchod

Thermal Layer

Degrees (°C)
64

!

0 120 Meters

B. Map Detail and C. Map Detail and
Model Output Model Output

I Detected
Mounds
0 8 Meters

Figure 5: The orthorectified and georeferenced thermal layer of Alp Stabelchod serves as an overview
(A). More detailed extracts are given in B and C with the corresponding model outputs where the

detected mounds are marked in red. In the thermal image F. exsecta mounds appear as spots of high
temperature (white), surrounded by cooler vegetation (grey).
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3 Results

3.1 Remote Sensing

3.1.1 Image Processing and visual inspection

The quality report from the initial processing of the images showed a suboptimal extractable visual
content and therefore only 92% of the images were used for the calibration of the orthomosaic. However,
the results were reported to be likely of high quality in the calibrated areas (Appendix A.2). A major error
was reported for georeferencing. 26 Ground Control Points (GCP) were used for georeferencing

resulting in an overall mean GCP error of 0.12 m in x-direction and 0.07 m in y-direction.

Upon an initial visual inspection of the images, the mounds appear to be well distinguishable as round
white spots (high temperature) from the surrounding vegetation (Figure 5). In particular, temperature
differences between the mounds and the surroundings often differed by more than 10° C, with mound
surfaces regularly reaching temperatures between 40°C and 55°C based on the thermal image (Figure

5; see also Appendix A.1).

3.1.2 Detecting Formica exsecta mounds using deep learning

Comparing the deep learning model metrics, Resnet50 was found to be the more suitable backbone
model than Resnet101 (data not shown) and the average precision score (aps) after 20 epochs was
higher using a batch size of 2 (aps = 0.71), compared to a batch size of 8 (aps = 0.65). The Region
Based Convolutional Neural Networks (R-CNN) model based on the thermal layer reached an accuracy
of F-Score = 0.79 in detecting the mounds. The model output validation using the independent field
survey data showed that the RSME were smallest, when the confidence threshold at which a mound

was classified was set to 50% (Figure 6), resulting in a RSME = 5.84.

An object detection model (Mask R-CNN based on Resnet50 and batch size 2) applied to the thermal
layer was therefore found to be the best suited model, as the RMSE was lowest. Overall, the model
appeared to underestimate the number of mounds compared to the mound numbers obtained by the

field survey (Figure 6).
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Validation Thermal R—CNN

401 R=0.82, p<0.001 .
RMSE = 5.84, Rsquared = 0.67 L7

201

101

Number of mounds detected by model

0 10 20 30 40
Number of mounds counted by field survey

Figure 6: Linear regression (blue) between the number
of F. exsecta mounds observed by field survey (x-axis)
and the number of mounds predicted by the Deep
Learning model (y-axis) at a classification threshold of
50%. The red dashed line corresponds to a 1:1 ratio.
RMSE, R-squared and p-values are given in the plot.

3.2 Temporal ant mound patterns

A total of 783 F. exsecta mounds were counted in the field survey of 1998, giving an average density of
73.17 mounds ha™' with a maximum density of 500 mounds ha'. The average mound diameter in 1998
was 36.0 cm, the maximum 146 cm. In 2007, there were 1333 mounds, which corresponds to almost a
doubling in counts between these two time points. The average density was 124.58 mounds ha™, the
maximum 1000 mounds ha™'. The average mound diameter increased to 42.8 cm, the maximum
diameter detected was 160.0 cm. In 2021, | detected a total of 1655 mounds with remote sensing. The
average density was 154.7 mound ha™ with a maximum of 775 mounds ha™. Even though | likely
underestimated the total number of mounds using the deep learning model (Figure 6) there was still an
increase in the number of mounds between 2007 and 2021, but this increase was smaller than between
the first two time-steps. The mean diameter of the ant mounds measured in 2021 was 56.0 cm, with a

maximum of 109.3 cm.
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Regardless of when ant mounds were counted, there was an area with low mound counts in the central
eastern part of the pasture, which borders to the river, and areas with a higher density of mounds close
to the northern, southern and south-western forest edge (Figure 7). These findings were supported by
the results of an Optimized Hot-Spot-Analysis which can be found in Appendix A.3. It shows a stable
cold spot in the central-eastern part as well as the three hot spots close to the forest edge. The areas
with higher mound densities near the edge of the forest showed a particularly strong increase in the
number of mounds between 1998 and 2007, but showed a reduction in numbers between 2007 and

2021 (Figure 8).
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Figure 7: Grid-wise count data of F. exsecta mounds from the years A. 1998, B. 2007 and C. 2021.
In white colored fields, no mounds were detected, darker colors indicate higher counts.
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Figure 8: Grid-wise count differences of F. exsecta mounds between the timepoints (A.) 2007 —
1998 and (B.) 2021 — 2007. White cells indicate no change. Orange to red cells indicate a mound
reduction, fair green to dark green an increase between the two respective time points.
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3.3 Soil and vegetation properties

3.3.1 Soil C and N concentrations

Figures 9 and 10 visualize the relationship of total soil nitrogen (N) and carbon (C) concentrations
between the three sampling locations (aboveground, belowground, off ant mound) across the 20
mounds sampled. No significant difference was found in total soil N concentration between the
aboveground and belowground mound material (p = 0.88; Figure 9 A). In contrast, total soil N
concentration of both aboveground (B = 0.38, SE = 0.08, teo = 4.62, p < 0.001; Figure 9 B) and
belowground mound material (§ = 0.34, SE = 0.08, tso = 4.10, p < 0.001; Figure 9 C) significantly differed
from off the mound soils. The aboveground mound material contained a slightly higher total soil C
concentration than the belowground mound material (8 = 2.58, SE = 1.04, teo = 2.47, p = 0.04; Figure
10 A). Both the aboveground (B = 8.82, SE = 1.03, teo = 8.55, p < 0.001) and belowground mound
material (3 = 6.24, SE = 1.04, teo = 5.99, p < 0.001, Bonferroni corrected) contained significantly higher
total soil C concentrations than the off the mound soil (Figure 10 B and 10 C). Surprisingly, there were

no differences found in soil C/N ratio between the three sampling locations.
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Figure 9: Relationships between soil N concentration [%] from (A) aboveground (y-axis) versus
belowground (x-axis) parts of ant mounds, (B) aboveground parts of mounds (y-axis) versus off the
mounds soil (x-axis) and (C) belowground parts of ant mounds (y-axis) versus off the mounds soil (x-
axis). The red dashed line corresponds to the 1:1 ratio.
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Carbon concentration in the soil
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Figure 10: Relationships between soil C concentration [%] from (A) aboveground (y-axis) versus
belowground (x-axis) parts of ant mounds, (B) aboveground parts of mounds (y-axis) versus off the
mounds soil (x-axis) and (C) belowground parts of ant mounds (y-axis) versus off the mounds soil (x-

axis). The red dashed line corresponds to the 1:1 ratio.

3.3.2 Soil bulk density

The aboveground mound material had a
significantly lower bulk density than both
the belowground mound material (B = -
277, SE = 54.9, t33 = - 5.05, p < 0.001)
and the off-mound soil (B = -422, SE =
51.6, tss = - 8.173, p < 0.001). The
in bulk density between

difference

above- and belowground mound
material was less pronounced, but still
significant, with the belowground mound
material having a lower bulk density (8 =

-144, SE = 51.6, ts3 =-2.80, p = 0.02).
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Figure 11: Soil bulk density [kg m™] is plotted for the three
sampling locations: The surrounding reference soil, the
soil sampled from belowground part of the ant mounds
and the soil sampled from the aboveground part.
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3.3.3

Similarly to the soil samples, the N concentration in the vegetation growing on ant mounds was higher

Vegetation C and N concentrations

than in the one growing off the mounds (B = 0.21, SE = 0.07, t40 = 2.88, p = 0.01; Figure 12 A). More
pronounced, but the other way around, was the difference in vegetation C concentration between the
two sampling locations: The vegetation sampled off the ant mounds contained significantly more C than
the vegetation growing on the mounds (8 = 0.59, SE =0.12, t40 = 5.10, p = 0.01; Figure 12 B). In contrast
to the soil C/N ratio, the C/N ratio in the vegetation growing on the ant mounds (mean = 20.08, SD =
4.53) was significantly lower than that in the vegetation growing off the mounds (mean = 22.42, SD =

5.08; B = -2.34, SE = 0.86, to = -2.72, p = 0.01).
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Figure 12: Relationships between vegetation sampled on ant mounds (y-axis) versus off mounds (x-
axis) regarding (A) nitrogen concentration [%] and (B) carbon concentration [%]. The red dashed line

corresponds to the 1:1 ratio.

3.4 Can N pools
3.4.1 Mound heights and diameters

| fitted a univariate GAM to explore the relationship between the average diameter and height of an ant
mound: Height ~ s(Average Diameter) (n = 2309). The model was highly significant (p < 0.001) and
approximately cubic (estimated degrees of freedom = 3.34). Only 23.3% of the deviance was explained
by the average diameter (adj. Rsquared = 0.233). Height increased with average diameter, showing a
saturation at around height of 17 cm at a diameter of around 60 cm (Figure 13). | used this GAM model

to predict the height for the mounds detected by the deep learning model, despite the rather low

deviance explained, as the diameter was the only parameter available in this case.
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Generalized Additive Model

Height ~ s(Average Diameter)
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Figure 13: Univariate GAM fitted to explore the relationship between the average diameter (x-axis)
and height of an ant mound (y-axis): Height ~ s(Average Diameter), (n = 2309). The model was highly
significant for the smooth term (p < 0.001) and approximately cubic (estimated degrees of freedom

=3.34).
3.4.2 Contribution of ant mounds to the overall C and N pool
The contribution of the aboveground and belowground parts of the mounds to the overall C and N pools
measured for the 10 cm soil depth on Alp Stabelchod was 0.55% for soil C pools and 0.53% for soil N
pools (Table 1). The belowground part of the mound contributes more to the overall pools of the
grassland than the aboveground part of the mound, but the overall contribution is small. The area

contribution of the mounds to the entire grassland area is small (0.4%; Table 1).

Table 1: Total soil C and total soil N pools for the three sampling locations in relation to the grassland
area they cover.

Total C Total N Area
Pool [kg ha™] Contribution [%] | Pool [kg ha™] | Contribution [%] | Total [ha] | Contribution [%]
Al
boveground 1197.1 0.14 65.7 0.13
part of mound
0.55 0.53 0.045 0.4
Belowground 3'424.0 0.41 18.8 0.40
part of mound
Surrounding
. 837'032.8 99.45 50311.8 99.47 10.63 99.6
reference soil
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4 Discussion

4.1 Detection of ant mounds using remote sensing

Most previous studies focused on the application of airborne or satellite near infrared (NIR) imagery with
sensors covering wavelengths from 400 nm to 1000 nm to detect ant nests (Fletcher et al., 2007; Green
etal., 1977; Vogt, 2004b; Vogt & Wallet, 2008). Although they successfully detected mounds, shortwave
NIR imagery was shown to have limitations (Vogt & Oliver, 2006) and may not fully meet the
requirements for application (Song et al., 2020), as the differences in reflectance between ant nests of
red fire ants (S. invicta) and standard soil were not significant in the visible and short wavelength regions

of NIR.

In this study | used a thermal - long infrared (LIR) - sensor that covers considerably longer wavelengths
than these critical NIR regions. The results of my study clearly showed that counting F. exsecta mounds
in grasslands with a LIR camera mounted on an UAV is meaningful. The mounds appear as
characteristic white elliptic dots of high temperature surrounded by cooler vegetation. These findings
are supported by those of Vogt et al. (2008), who considered the temperature differences between S.
invicta mounds and their surroundings sufficient for detection using thermal infrared remote sensing.
The temperature difference between F.exsecta mounds and their surroundings were even larger than
those reported for S. invicta (Vogt et al., 2008). Also, Wylie et al. (2021) used mid infrared and LIR

sensors to detect S. invicta in Australia, which proved to be highly successful.

Despite the successful detection of F. exsecta ant mounds on Alp Stabelchod, the total number of
mounds is probably underestimated. There are several improvements to the method that could further
improve the detectability of mounds. Due to the drone’s limited battery life, | was only able to fly with a
low overlap, which resulted in suboptimal extractable image content. In addition, the low overlap in
combination with the complex data patterns of shaded versus sunny areas due to single trees or shrubs

or the vicinity of the forest edge led to a low number of matches in some images.

The main flight to obtain the thermal images was conducted between 15:30 and 17:00 as | sought to
maximize the differences in surface temperatures between mounds and the surrounding vegetation.

This approach had the drawback of producing more shadow effect by trees, than when flying closer to
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solar noon as | did with the additional flight that was necessary. Both the temperature logger data and
the data gathered with this additional flight showed, that the temperature differences around solar noon
are already sufficient to distinguish F. exsecta mounds from the surroundings, while the shadows can
be significantly reduced. | would therefore suggest to conduct future flights around solar noon. This goes
along with the findings of Vogt et al. (2008), who also hypothesized that when the overall difference
between mean mound temperature and its surrounding is critical, data acquisition might be best

undertaken around solar noon.

Another potential improvement for mound detection could potentially be made if all mounds in specific
grid cells would be georeferenced. This would prevent the labelling of false-positive or false-negative
data during the training of the deep learning model, and also allow an analysis of which characteristics
of mounds were associated with a poor detection success. Considering, for example, the diameter
distribution of the detected mounds (Appendix A.4) it seems likely that, in particular, small mounds were
not detected. The diameter of the smallest detected mound was close to the mean diameter in previous
years. The effectiveness regarding detection of relatively small targets was reported to be dependent
upon spatial resolution of the data (Vogt et al., 2008). A lower flying UAV would probably solve this
issue. Hence, summarized, a UAV with a longer battery life, that would allow for a longer flight time
where a lower flight line with higher overlap could be flown, would likely result in much higher

detectability of ant mounds.

4.2 Temporal and spatial patterns in the occurrence of F. exsecta
mounds

F. exsecta has increased strongly on Alp Stabelchod since the year 1998, especially between 1998 and
2007 with almost a doubling of mound numbers. But also between 2007 and 2021 the supercolony
sustained well and has continued to grow to a total number of 1655 mounds. This is surprising insofar
as F. exsecta populations declined significantly in Central Europe since 1950 (Seifert, 2000). However,
this decline was mainly driven by a change of management in forestry and agriculture, for example by
afforestation of clearings and meadows, intensified cattle pasturing or intensive use of mineral fertilizers
and liquid manure (Seifert, 2000). Under the no-management strategy of the SNP, the environmental

conditions on Alp Stabelchod remained largely unaltered and allowed the supercolony to grow to a
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remarkable size. Even though it seems relatively small compared to the largest reported F.exsecta
supercolony of 3347 mounds in Transylvania, Romania (Marké et al., 2012), Alp Stabelchod’s colony
has outgrown the one reported as the second largest colony in Europe (Wiezik et al., 2017), which is
located in the Carpathian Mountains in Slovakia (1487 mounds). However, the mean mound density of
Stabelchod’s supercolony lays within the range of findings from other studies. Although the 154.7
mounds ha™ | counted on Alp Stabelchod on average is well below the mean mound density of 316.7
nests ha™' described in the Slovakian supercolony by Wiezik et al. (2017), it corresponds closely to the
density (153.2 mounds ha™') observed by Marké et al., (2012) in Romania and which was also reported
to be a medium density for supercolonies at a large spatial extent (e.g. Kimmerli & Keller, 2007 as

summarized in Marko et al., 2012).

The mounds of F. exsecta were not distributed homogenously over the grassland Alp Stabelchod. They
were clustered in “hot spots” of high densities, with a large area with low mound counts in the central
eastern part of the pasture, south of the hut. Interestingly, the area of low mound densities corresponds
to the part of the grassland that was reported as phosphorous enriched due to irrigation back in times
of agricultural use (Schiitz et al. 2003). These authors identified this part of the pasture as area with the
highest grazing pressure by red deer. The question therefore arises, whether the distribution of F.
exsecta mounds could be at least partly influenced by red deer. It was previously hypothesized, for
example, that disturbance caused by red deer, such as trampling or the removal of nesting or foraging
material, displaces F. exsecta into the less heavily grazed areas (Schiitz et al., 2008). However, despite
the fact that intensive grazing is assumed to reduce population density of F. exsecta (Seifert, 2018), the
meadow with the large supercolony in Romania is fairly intensely grazed by cows for most of the year
(Marko et al., 2012). Similarly, also the Slovakian site was cattle grazed (Wiezik et al., 2017). The
«painful biting» (Seifert, 2018) and generally aggressive behavior of F. exsecta against intruders (Erés
et al., 2009; Wiezik et al., 2017) thus seems to allow at least partly defense against disturbances through
grazing. Another possible explanation for the high densities of mounds on these cattle pastures could
also be that cattle generally follow a diurnal rhythm with most grazing during daylight and little grazing
at night (Kilgour, 2012; Sambraus et al., 1978). Red deer, in contrast, spend a much higher proportion
of their grazing during the night (Hester et al., 1996). This is particularly true for the SNP where red deer
avoid the pastures during daytime when visitors are present and graze at night (Leuzinger, 1999 cited

in Schitz et al., 2003). Like most species of the genus Formica (Seifert, 2018), | observed F. exsecta to

21



forage diurnally. During the night, when the ants are less active, they might not be able to defend
themselves and their mounds effectively and therefore avoid the part of the pasture exposed to heavy

grazing by red deer.

Another possible explanation for the very heterogenous distribution of F. exsecta mounds on Alp
Stabelchod could be related to the distance to the forest edge. The importance of forest edges has
already been emphasized by Maggini et al. (2002) who found a maijority of F. exsecta colonies within
the SNP in forest edge ecoclines. Despite its wide range of possible food sources, aphid tending covers
a major portion of the energy needs of F. exsecta, with Lachnidae (tree aphids) being the main
trophobionts in coniferous and deciduous forests (Seifert, 2018). At least permanent auxiliary mounds
of F.exsecta have been reported to be most commonly built near constant sources of aphid colonies
like trees, shrubs and perennial herbs (Goryunov, 2015). Erés et al. (2009) found high densities of
F.exsecta mounds close to aphid colonies, and also Kilpelainen et al. (2005) suggested that aphids

should deserve more emphasis in the distribution studies of aphid-tending ants.

It remains to be seen how the supercolony on Alp Stabelchod will develop in the future. The density
maps presented in this study show partial decreases in the number of mounds, mainly close to the forest
edge, where particularly high densities have been counted in the past. In the Alps, in a majority of
abandoned areas, natural forest re-growth is observed (Tasser et al., 2006). A spatio-temporal
secondary succession model predicted that Pinus mugo will invade Alp Stabelchod from the edges to
the center within 200 years after the foundation of the SNP (Wildi, 2002). So far, this prediction can most
likely not be verified, as most of the pasture still remains open after over 100 years of protection since
1914. However, it is likely that the growth of the trees present and slowly advancing forest edges will
lead to adverse conditions for F. exsecta, which depend on direct sunlight to maintain stable
temperatures inside their mounds (Seifert, 2000). Hence, it is possible that in the longer term a shift of
the regions of high densities from the hot-spot areas towards the center of the meadow might be
observed. Dobrzanska (1973) found evidence that migration is a constant element in the behavior of F.
exsecta and displacements of F. exsecta mounds have already been described by Goryunov, (2015):
“At some time, an anthill may become constantly overshadowed by growing vegetation. In such cases,
the primary F. exsecta nest may travel a distance of about 1.5 m in several weeks with only the

intermediate layer and subterranean part left at the former site. Gradual relocations of primary anthills
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may last for years with several centimeters traveled each year.” However, it cannot be ruled out that the
observed decrease in this area may in fact be due to ant mounds at the bases of trees or in tree shade

being particularly difficult to detect using remote sensing (Wylie et al. 2021).

4.3 C and N accumulation in F. exsecta mounds

Overall, | found significantly higher total soil N and soil C concentrations in the mounds of Formica
exsecta compared to the surrounding soil off the ant mounds. The high levels of C and N in ant mounds
are generally attributed to the accumulation and consumption of high amounts of prey, honeydew and
organic waste (Bierbal® et al., 2015; Cammeraat & Risch, 2008; Frouz et al., 2003). There have also
been experiments on whether this accumulation could be related to altered nutrient cycling rates via
cascading effects through top-down regulation of decomposers or other predator species by ants (Cates
et al., 2021). Such an effect on nutrient cycling rates via cascading effects has indeed been found for
predators, such as spiders (Schmitz, 2009; Strickland et al., 2013), but not for ants (Cates et al., 2021).
However, an effect of ants on the abundance of decomposer or predator abundances and thus on the
ratios between different trophic organism groups has been shown (e.g. De Almeida et al., 2020; Wills &

Landis, 2018), which might be an indication that nutrient cycling might be influenced as well.

To the best of my knowledge, the influence of F. exsecta on the concentration of N and C in soils has
not been quantified to this date, but has been assessed for other ant species. Wang et al. (2017)
reported, for example, that three underground-nesting ant species in a tropical forest in China had higher
total organic C and higher total N concentrations in their nests compared to the surrounding soil.
Elevated N and other soil nutrients concentrations relative to the surrounding were also reported for the
ant Pogonomyrmex rugosus in arid areas of North America (Snyder et al., 2002; Wagner & Jones, 2006).
In grasslands, some studies reported higher concentrations of soil N in nests of Lasius flavus compared
to the surrounding soil (Platner, 2006 p. 121; Wu et al., 2010), while others found lower concentrations
of C and N inside Lasius sp. nests (Dean et al., 1997; Dostal et al., 2005). It was suggested that the
effect varies with ant species (Wang et al., 2017). However, a recent meta-analysis by Farji-Brener &
Werenkraut (2017) provided quantitative evidence that suggests that the effect is quite general across

several ant groups and habitats.
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The lower bulk densities | found in the ant mounds compared to the soil off mounds align well with the
existing literature. The excavation of soil material during ant nest construction which includes the
production of galleries and chambers is generally known to increase the porosity of the soil, leading to
lower bulk densities in the nests of various ant species (Baxter & Hole, 1967 cited in Folgarait, 1998;
Lal, 1988 and Lobry de Bruyn & Conacher, 1990 cited in Cammeraat & Risch, 2008; MacMahon et al.,

2000; Wang et al., 2017).

Overall, | was able to show that F. exsecta alters various soil properties locally with its mound building
activities on Alp Stabelchod, which also has an impact on the vegetation. The higher N and lower C
concentrations in the vegetation growing on the ant mounds compared to that growing off the mounds
may directly be caused by the higher N concentration of mound material compared to the soils off the
mounds since plants depend on the N available in the soil (e.g. Di Palo & Fornara, 2015). However, the
differences in plant N and C concentrations may also be influenced by altered plant species composition,
as the soil properties may be selectively favoring or disfavoring particular plant species (Alejandro
Gustavo Farji-Brener, 2005; Garrettson et al., 1998; Silva et al., 2012 cited in Farji-Brener & Werenkraut,
2017). On Alp Stabelchod, Schiitz et al. (2008) found significant and continuous changes in vegetation
composition on gradients from F. exsecta mounds into the adjacent grassland, with mainly graminoids
as dominant species on ant mounds and herbaceous plants and legumes with increasing distance from

the mounds.

4.4 Grassland C and N pools

F. exsecta contributed to less than 1% to the soil C and N pools on Alp Stabelchod. Although this seems
low, the values fall within range of the contribution of Formica rufa species to C and N concentrations in
European forests (Kilpelainen et al., 2007; Risch et al., 2005) or of Lasius flavus, Lasius niger and
Formica candida to grassland pools in China (Wu et al., 2013). However, F. exsecta considerably
increased the heterogeneity of C and N across the grassland: lower soil bulk densities were paralleled
by higher total soil N and C concentrations. This appears to affect plant species composition (Schitz et
al., 2008) and enhances vegetation nutrient concentrations and could thus possibly also influence other
trophic levels, for example decomposers (Wills & Landis, 2018) or large primary consumers such as red

deer that frequently and numerously visit the grassland to forage (Leuzinger, 1999). Particularly lactating
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red deer hinds depend on nutritious forage (Clutton-Brock et al., 1987) and might benefit from mound
building F. exsecta. In addition, the heterogeneity of soil C and N concentrations and pools is most likely
not only enhanced at the local scale (within a two-meter radius of the nest), but also at larger scales,
i.e., the entire grassland, when we consider the heterogeneous distribution of mounds across the

grassland.
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5 Conclusions

F. exsecta mounds were detectable using a UAV equipped with a longwave infrared thermal camera.
However, it is important to optimize flight time and georeferencing to maximize the method output. It will
depend on the research question, whether a remote sensing approach or a field survey approach is
more suitable for future mound census. While the remote sensing approach may be well suited for the
observation of individual mound dynamics at high temporal and spatial resolution, small mounds and
mounds located in tall grass or at the base of trees may not be detected. To ensure that mound counts
are not underestimated with remote sensing techniques, a UAV with a long battery life that allows for a
low flight line and high overlap should be used. Otherwise, a field survey may still be the more reliable
approach. It would also be conceivable to use a combination of both methods: Count mounds across

the entire pasture with remote sensing and check the areas of higher uncertainty using field surveys.

The distribution of the mounds across Alp Stabelchod is likely a result of a trade-off between the
proximity to food sources, a given minimum sunlight demand and a reduction of grazing pressure by red
deer and the total number of mounds increased considerably between 1998 and 2007 and a bit less
between 2007 and 2021. Yet, the contribution of F. execta mounds to the total N and C pools of the
pasture was neglectable. However, this ant species can still be considered an important ecosystem
engineer on Alp Stabelchod as it increases heterogeneity by locally altering soil properties and
vegetation composition. In addition, the uneven distribution of nests increases heterogeneity at a larger

landscape scale.
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Appendix

A.1 Temperature curve and differences between ant hill and surroundings

Temperature curve [°C] of ant mound
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Appendix Figure 1: Temperature course at 10 cm above ground (blue), on the surface (orange) and at 10 cm below ground (grey) of a F.

exsecta mound.
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Temperature curve [°C] of surrounding grassland
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Appendix Figure 2: Temperature course at 10 cm above ground (blue), on the surface (orange) and at 10 cm below ground (grey) measured at 2 m

distance of the F. exsecta mound.

33



Temperature Difference (Mound - Surrounding) [°C]

~—below ground (10cm) [°C]

~——above ground (10cm) [°C]
—surface [°C]

Al

\

L

10

{

I\

A\

\ AV

[
2

[D,] @4njesadwal

|

SY:1TTT'90°0C
S:8T 12'90°0C
S¥:ST 12'90°0C
SY:ZT 12°90°0C
St:60 12'90°0C
S¥:90 12°90°0Z
SY€0 12'90°0C
S:00 12'90°0Z
SY'TZTZ'90'6T
SY:8T TZ'90°6T
SY'STTZ'90'6T
SY:ZT TZ'90°6T
S¥:60 TZ'90°6T
S¥:90 TZ'90°6T
SY'€0 TZ'90°6T
S¥:00 TZ'90°6T
SY'TZ1Z'90°8T
SY'8T 1Z'90°8T
SY'STTZ'90°8T
SY:ZT 1Z°90°8T
S¥:60 TZ'90°8T
S¥:90 TZ'90°8T
SY:€0 TZ'90°8T
S¥:00 TZ'90°8T
SYTZTZ'90°LT
SY:8T 1Z'90°LT
SY:STTZ'90°LT
SYTTTT'90°LT
S¥:60 TZ'90°LT
S¥:90 TZ'90°LT
SY:€0 TZ'90°LT
S¥:00 TZ'90°LT
SV 1T TZ'90°9T
SY:8T 12'90°9T
SY'STTZ'90°9T
SY:ZT 12°90°9T
S:60 T2'90°9T
S¥:90 TZ'90°9T
SY€0 TZ'90°9T
S¥:00 TZ'90°9T
SYTZ TZ'90°ST
SY:81 1Z'90°ST
SY:STTZ'90°ST
SY:ZT TZ'90°ST
S:60 T2'90°ST
S¥:90 TZ'90°'ST
SY:€0 TZ'90°ST
S¥:00 TZ'90°ST
SYTZTT90'vT
SY:8T TZ'90'vT
SY'STTZ'90'vT
SY:ZTTT'90'vT
S¥:60 TZ'90°VT
S¥:90 TZ'90°vT
SY:E0 TZ'90VT
S¥:00 TZ'90'vT
SY:TTTT'90°ET
SY'8T TZT'90°ET
SY:STTZ'90°ET
SY:ZTTT90°ET
S¥'60 TZ'90°ET
S¥:90 TZ'90°ET
SY:E0 TZT'90°ET
S¥:00 TZ'90°ET
SYTZ12'90°ZT
SY:8112'90°CT
SY:STTZ'90°CT
SY:ZT12°90°CT
S¥'60 12'90°ZT
S¥'90 12'90°ZT
SY'€01Z'90°ZT
S¥:00TZ'90°CT
SY:ITTT90'TT
SY:8TTZ'90'TT
SY'STTZ90'TT

21N Ul 3w pue ajeq

Appendix Figure 3: Temperature difference between logger located on F. exsecta mound and at 2 meters distance of the mound measured at 10 cm above

ground (blue), on the surface (orange) and at 10 cm below ground (grey).
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A.2 Quality Report

Quality Report

B

Generated with Pix4Dmapper verson 4.5.6

@ Important: Click on the different icons for:

@ Help to analyze the results in the Quality Report

o Additional information about the sections

Q Click here for additional tips to analyze the Quality Report

Summary

Project
Processed
Camera Model Name(s)

thermal_60m
2021-06-30 17:06:31
FLIRTau2640_0.0_640x512 (Grayscale)

Average Ground Sampling Distance (GSD) 6.23cm/245in

Area Cowered
Quality Check

@ Images

@ Dataset

@ Camera Optimization
® Matching

@ Georeferencing

® Preview

0.138 km?2/13.8283 ha/0.05 sq.mi./34.1882 acres

median of 5948 keypoints per image

539 out of 583 images calibrated (92%), 12 images disabled, 9 blocks

2.09% relative difference between initial and optimized internal camera parameters
median of 2725.41 matches per calibrated image

yes, 26 GCPs (26 3D), mean RMS error =0.705 m

Figure 1: Or ic and the ing sparse Digital Surface Model (DSM) before densification.
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Calibration Details

Number of Calibrated Images 539 out of 595
Number of Geolocated Images 595 out of 595

@ Initial Image Positions

Figure 2: Top view of the initial image position. The green line follows the position of the images in time starting from the large blue dot.

(O] Computed Image/GCPs/Manual Tie Points Positions

36



Uncertainty ellipses 10xmagnified

Figure 3: Offset between initial (blue dots) and computed (green dots) image positions as well as the offset between the GCPs initial positions (blue crosses) and
their iti (green ) in the top-view (XY plane), front-view (XZ plane), and side-view (YZ plane). Red dots indicate disabled or uncalibrated
images. Dark green ellipses indicate the absolute position uncertainty of the bundle block adjustment result.

® Absolute camera position and orientation uncertainties ()
X[m] Y[m] Z[m] Omega [degree] Phi [degree] Kappa [degree]
Mean 0.762 0.755 1.290 2073 1.751 0.850
Sigma 1.322 1.304 2.657 5.906 5.095 2.841

® Overlap ()
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Number of overlapping images: 1 2 3

Figure 4: Number of overlapping images computed for each pixel of the orthomosaic.
Red and yellow areas indicate low overlap for which poor results may be generated. Green areas indicate an overlap of over 5 images for every pixel. Good

quality results will be generated as long as the number of

Bundle Block Adjustment Details

is also

for these areas (see Figure 5 for keypoint matches).

Number of 2D Keypoint Observations for Bundle Block Adjustment

Number of 3D Points for Bundle Block Adjustment
Mean Reprojection Error [pixels]

® Internal Camera Parameters

©) FLIRTau2640_0.0_640x512 (Grayscale). Sensor Dimensions: 25.400 [mm] x 20.320 [mm]

EXIF ID: FLIRTau2640_0.0_640x512

Focal

Length
503.937 [pixel]
20.000 [mm]
514.477 [pixel]
20.418 [mm]
2.150 [pixel]
0.085 [mm]

Initial Values
Optimized Values

Uncertainties (Sigma)

Principal
Point x

320.000 [pixel]
12.700 [mm]

334.450 [pixel]
13273 [mm]

0.795 [pixel]
0.032 [mm]

Principal
Pointy

256,000 [pixel]
10.160 [mm]

207.283 [pixel]
8227 [mm]

0.717 [pixel]
0.028 [mm]
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R1

0.000

0.084

0.004

0.000

0.047

0.013

R3

0.000

-0.027

0.015

1414083
516618

0.259

™

0.000

-0.008

0.000

0.000

0.003

0.000
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The correlation between camera internal parameters
determined by the bundle adjustment. White indicates a full
correlation between the parameters, ie. any change in one can

be fully compensated by the other. Black indicates that the
parameter is completelyindependent, and is not affected by
other parameters.

® 2D Keypoints Table

Median
Mn
Max
Mean

@ 3D Points from 2D Keypoint Matches

In 2 Images
In 3 Images
In 4 Images
In 5 Images
In 6 Images
In7 Images
In 8 Images
In 9 Images

@ 2p Keypoint Matches

The number of Automatic Tie Points (ATPs) per pixel, averaged over all images of the camera model,
is color coded between black and white. White indicates that, on average, more than 16 ATPs have
been extracted at the pixel location. Black indicates that, on average, 0 ATPs have been extracted at
the pixel location. Click on the image to the see the average direction and magnitude of the re-
projection error for each pixel. Note that the vectors are scaled for better visualization. The scale bar
indicates the magnitude of 1 pixel error.

Number of 2D Keypoints per Image Number of Matched 2D Keypoints per Image
5948 2725

3141 84

9133 5692

6037 2624

Number of 3D Points Obsened
304244

97858

76818

25399

9089

2523

624

63
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Uncertainty ellipses 10x magnified

25 222 444 666 888 1111 1333 1555 1777 2000

Number of matches

Figure 5: C image iti with links images. The darkness of the links indicates the number of matched 2D keypoints between the
images. Bright links indicate weak links and require manual tie points or more images. Dark green ellipses indicate the relative camera position uncertainty of the
bundle block adjustment result.

@ Relative camera position and orientation uncertainties (]
X[m] Y[m] Z[m] Omega [degree] Phi [degree] Kappa [degree]
Mean 0.252 0.307 0.423 0.579 0.602 0.142
Sigma 0.134 0.179 0.316 0.357 0.353 0.198
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Geolocation Details o

® Ground Control Points ()

GCP Name Accuracy XY/Z [m] Error X[m] Error Y [m] Error Z[m] Projection Error [pixel] Verified/Marked
pp01 (3D) 0.020/0.020 0.144 -0.025 0.028 0.924 3/3
pp02 (3D) 0.020/0.020 0.009 -0.036 -0.018 0.307 6/6
pp03 (3D) 0.020/0.020 0.058 0.025 0.044 0.636 4/4
pp04 (3D) 0.020/0.020 -0.041 0.068 0.012 0.775 5/5
pp05 (3D) 0.020/0.020 0.000 -0.000 0.000 0.965 4/4
pp06 (3D) 0.020/0.020 -0.155 0673 3477 12.956 5/5
pp07 (3D) 0.020/0.020 0.160 -0.001 -0.005 0.720 4/4
pp08 (3D) 0.020/0.020 -0.481 -0.639 0.996 4454 4/4
sta_am_1(3D) 0.020/0.020 -0.101 0.036 0.014 0.769 4/4
sta_am_2 (3D) 0.020/0.020 0.067 0.028 -0.099 0.399 4/4
sta_am_5 (3D) 0.020/0.020 -0.089 0.052 0.173 0.860 4/4
sta_am_12 (3D) 0.020/0.020 0.351 0.361 0.230 0.727 4/4
sta_am_15(3D) 0.020/0.020 -0.131 -0.329 0.263 0.466 4/4
sta_am_25 (3D) 0.020/0.020 0.085 0.578 -0.554 11.468 4/4
sta_am_47 (3D) 0.020/0.020 -0.165 0.081 0.002 0.848 4/4
sta_am_59 (3D) 0.020/0.020 0.040 0.031 0.067 0.574 3/3
sta_am_66 (3D) 0.020/0.020 0.126 -0.010 0.074 1.587 4/4
sta_am_72 (3D) 0.020/0.020 -0.018 -0.177 -0.110 1.080 4/4
sta_am_82 (3D) 0.020/0.020 -0.065 0.055 -0.111 1.130 5/5
sta_am_102 (3D) 0.020/0.020 0.098 -0.027 0.059 0.797 4/4
sta_am_123 (3D) 0.020/0.020 -0.599 0.229 -0615 15412 4/4
sta_am_152 (3D) 0.020/0.020 -1.552 -1.863 4.076 1.009 4/4
sta_am_174 (3D) 0.020/0.020 -0.211 -0.124 0.035 0.721 4/4
sta_am_177 (3D) 0.020/0.020 0.010 0.065 0.060 0.450 3/3
sta_am_179 (3D) 0.020/0.020 0.335 0.070 -0.102 0.990 4/4
sta_am_187 (3D) 0.020/0.020 -0.993 -1.069 3.829 20.267 4/4
Mean [m] -0.119980 -0.074915 0.454711

Sigma [m] 0.395802 0.481720 1.238539

RMS Error [m] 0.413587 0487510 1.319371

Localisation accuracy per GCP and mean errors in the three coordinate directions. The last column counts the number of calibrated images where the GCP has
been automatically verified vs. manually marked.

@ Absolute Geolocation Variance (]
Mn Error [m] Max Error [m] Geolocation Error X[%] Geolocation Error Y [%)] Geolocation Error Z [%]
- -15.00 0.37 0.00 0.19
-15.00 -12.00 260 0.00 0.00
-12.00 -9.00 0.93 519 0.00
-9.00 -6.00 0.37 148 148
-6.00 -3.00 3.15 297 12.24
-3.00 0.00 4545 38.03 35.99
0.00 3.00 3748 4249 35.62
3.00 6.00 2.78 5.19 1317
6.00 9.00 167 0.19 0.93
9.00 12.00 5.01 3.90 0.19
12.00 15.00 0.19 0.37 0.19
15.00 - 0.00 0.19 0.00
Mean [m] 2.546834 2.341147 93.260039
Sigma [m] 3.942460 3.865217 3.017224
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RMS Error [m] 4.693544 4.518946 93.308834

Min Error and Max Error represent geolocation error intervals between -1.5 and 1.5 times the maximum accuracy of all the images. Columns X, Y, Z show the
percentage of images with geolocation errors within the predefined error intervals. The geolocation error is the difference between the initial and computed image
positions. Note that the image geolocation errors do not correspond to the accuracy of the observed 3D points.

Geolocation Bias X Y z
Translation [m] 2546834 2341147 93.260039

Bias between image initial and computed geolocation given in output coordinate system.

@ Relative Geolocation Variance (]
Relative Geolocation Error Images X[%] Images Y [%] Images Z[%)]
[-1.00, 1.00] 88.31 88.31 9944
[-2.00, 2.00] 93.69 94.99 100.00
[-3.00, 3.00] 99.63 99.81 100.00
Mean of Geolocation Accuracy [m] 5.000000 5.000000 10.000000
Sigma of Geolocation Accuracy [m] 0.000000 0.000000 0.000000

Images X, Y, Z represent the percentage of images with a relative geolocation error in X, Y, Z.

Initial Processing Details o

System Information (i ]

CPU: Intel(R) Xeon(R) CPU E5-2650 v @ 2.20GHz

RAM 128GB

GPU: Mcrosoft Remote Display Adapter (Driver: unknown), Microsoft Remote Display Adapter (Driver: unknown), Mcrosoft Remote

Display Adapter (Driver: unknown), Microsoft Remote Display Adapter (Driver: unknown), Microsoft Remote Display Adapter (Driver:
Hardware unknown), Microsoft Remote Display Adapter (Driver: unknown), Mcrosoft Remote Display Adapter (Driver: unknown), Microsoft

Remote Display Adapter (Driver: unknown), Mcrosoft Remote Display Adapter (Driver: unknown), Mcrosoft Remote Display Adapter

(Driver: unknown), Mcrosoft Remote Display Adapter (Driver: unknown), Mcrosoft Remote Display Adapter (Driver: unknown),

Mcrosoft Remote Display Adapter (Driver: unknown), Microsoft Remote Display Adapter (Driver: unknown), Microsoft Remote

Display Adapter (Driver: unknown), Mcrosoft Remote Display Adapter (Driver: unknown)

Operating \yii dows 10 Pro, 64-bit

System
Coordinate Systems o
Image Coordinate System WGS 84 (EGM96 Geoid)
Ground Control Point (GCP) Coordinate System CH1903+/L\VO5 (2D)
Qutput Coordinate System CH1903+/L\O5 (2D)
Processing Options (i ]
Detected Template No Template Available
Keypoints Image Scale Custom, Image Scale: 2
Advanced: Matching Image Pairs Aerial Grid or Corridor
Advanced: Matching Strategy Use Geometrically Verified Matching: yes
Advanced: Keypoint Extraction Targeted Number of Keypoints: Automatic

Calibration Method: Alternative

Internal Parameters Optimization: Al prior
External Parameters Optimization: All
Rematch: Auto, no

Advanced: Calibration

Point Cloud Densification details o
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Processing Options

Image Scale

Point Density

Mnimum Number of Matches

3D Textured Mesh Generation
LOD

Advanced: Image Groups
Advanced: Use Processing Area
Advanced: Use Annotations

Time for Point Cloud Densification
Time for Point Cloud Classification
Time for 3D Textured Mesh Generation

Results

Number of Generated Tiles
Number of 3D Densified Points

Average Density (per m3)

multiscale, 1 (Original image size, Slow)
High (Slow)

3

no

Generated: no
Grayscale

yes

yes

04m:29s

NA

NA

1

21152583

161.33

DSM, Orthomosaic and Index Details

Processing Options

DSMand Orthomosaic Resolution

DSMFilters

Orthomosaic

Index Calculator: Reflectance Map

Time for DSM Generation

Time for Orthomosaic Generation
Time for DTM Generation

Time for Contour Lines Generation
Time for Reflectance Map Generation
Time for Index Map Generation

1xGSD (6.23 [cm/pixel])

Noise Filtering: yes
Surface Smoothing: yes, Type: Sharp

Generated: yes

Merge Tiles: yes

GeoTIFF Without Transparency: no
Google Maps Tiles and KML: no

Generated: yes
Resolution: 1 xGSD (6.23 [cm/pixel])
Merge Tiles: no

00s
03m:37s
00s
00s
03m:46s
00s
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A.3 Optimized Hot Spot Analysis

Hotspots 1998

Gi_Bin

I coid Spot - 99% Confidence

I cold Spot - 95% Confidence
Cold Spot - 90% Confidence

Not Significant
Hot Spot - 90% Confidence
- N Hot Spot - 95% Confidence
I Hot Spot - 99% Confidence

] 100 Meters

Hotspots 2007
Gi_Bin
I cold Spot - 99% Confidence
N cold Spot - 95% Confidence
Cold Spot - 90% Confidence
Not Significant
Hot Spot - 90% Confidence
I Hot Spot - 95% Confidence

‘ I Hot Spot - 99% Confidence

Q 100 Meters

t =
pee
- H

e

|
[ H Hotspots 2021
|| | Gi_Bin
|| I Cold Spot - 99% Confidence
B

I cold Spot - 95% Confidence
Cold Spot - 90% Confidence
Not Significant
Hot Spot - 90% Confidence

I Hot Spot - 95% Confidence
I Hot Spot - 99% Confidence

Q 100 Meters

Appendix Figure 4: Optimized Hotspot Analysis (Spatial Statistics Toolbox; ArcGIS Pro 2.7.0) for
the year 1998 (A), 2007 (B) and 2021 (C). This tool identifies statistically significant spatial clusters
with high values (hot spots; red) and with low values (cold spots; blue) of mound counts. The size
of the hot and cold spots varies over the years but the location remains relatively stable.



A.4 Diameter distribution of ant mounds on Alp Stabelchod

A Nest diameter distribution 1998 Nest diametet- distribution 2007 Nest diameter distribution 2021
250 1 250 2501
200 200 2001
150 150 1501
2 2 2
c c c
> 3 =3
o o o
(@] (&] (@]
1004 100 4 100+
50 1 50 4 50 1
04 0 04
0 40 80 120 0 40 80 120 0 40 80 120
Average Nest Diameter Average Nest Diameter Average Nest Diameter

Appendix Figure 5: F. exsecta mounds counted (y-axis) in nest diameter classes (x-axis) in the years 1998 (A.), 2007 (B.) and 2021 (C.)
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