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Species distribution and composition research has gained significance in light of global warming 
and its impact on biodiversity. Understanding the factors shaping species richness is crucial for 
wildlife ecology and conservation. Previous studies have shown a general pattern of positive 
correlation between terrestrial species richness and primary productivity. However, the productivity-
species richness relationship varies across regions and spatial scales. Additionally, the link between 
habitat diversity and species richness remains ambiguous, with studies reporting both positive and 
negative correlations. This thesis focuses on small carnivores, a diverse group with ecological 
importance and vulnerability to climate change.  I aimed to address the knowledge gaps in what 
shapes the species richness of small carnivores in Europe. I hypothesize that small carnivore species 
richness increases with study area productivity and habitat richness. I also hypothesize a positive 
relationship between small carnivore species richness and decreasing habitat evenness.  

To test these hypotheses, I employed a multi-scale and multi-species hierarchical modelling 
approach, estimating the species richness of small carnivores across 64 sites in Europe. These 
estimates were then used in a meta-analysis that tested the correlation between species richness, 
productivity, habitat richness and habitat evenness. 

The occupancy model performance confirms the accuracy of species richness estimates based 
on expected associations between species' site-use probabilities and environmental covariates. The 
result of the meta-analysis found a weak association between productivity and species richness but 
no association between species richness and habitat richness or evenness. While the productivity-
species richness relationship shows uncertain results, previous research suggests the presence of 
additional factors influencing the correlation. The link between habitat diversity and small carnivore 
richness is inconclusive, with contrasting findings across different studies and definitions of habitat 
diversity. 

In conclusion, this study provides insights into the species richness of small carnivores in Europe 
and their relationships with productivity and habitat factors. However, further investigations are 
required to understand the complex interactions among productivity, habitat diversity, and species 
richness. Accounting for indirect effects through trophic levels and considering habitat 
fragmentation and connectivity will enhance future studies. Understanding these factors is vital for 
effective conservation and management strategies for small carnivores in the face of global change. 

Keywords: small carnivore, camera trap, occupancy model, species richness, productivity, habitat 
richness, habitat evenness 
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Extensive research has focused on species distribution and its underlying 
mechanisms, and its significance has become increasingly apparent in the face of 
global warming. As climate change progresses, species are forced to track their 
optimal habitats, leading to rapid shifts in their distribution (Buckley et al. 2012). 
Such changes can introduce new interactions between species or disrupt already 
existing ones. As a result, species’ distributions have a significant impact on the 
composition of species in any given location. This highlights the importance of 
research on species distribution and composition for comprehending the impact of 
changing environmental conditions on biodiversity and ecosystem stability. 
Therefore, understanding the factors that shape species richness is fundamental to 
wildlife ecology and conservation. 

The link between primary productivity and terrestrial species diversity can be seen 
as far back as fossil records. There is strong support for the hypothesis that the 
relationship between terrestrial diversity and primary productivity is a general 
pattern in ecology (Fritz et al. 2016). Examining the relationship between species 
richness and productivity supports that higher productivity enables the persistence 
of viable populations by increasing the probability of resources occurring. This 
higher productivity can therefore lead to higher species richness (Bonn et al. 2004). 
Several studies across the world have found a connection between productivity and 
species richness and that higher productivity generally results in higher species 
richness. This positive correlation between productivity and species richness can be 
seen on various scales such as global (Qian 2010; Coops et al. 2019), regional 
(Wang et al. 2001; Hortal et al. 2008; Niedziałkowska et al. 2010; McCain et al. 
2018; Coops et al. 2019; Cerezer et al. 2021) and local scale (Hortal et al. 2008; 
Niedziałkowska et al. 2010). 

Productivity-species richness relationships differ across regions, ranging from 
linear to humped-shaped (Coops et al. 2019). The relationship between species 
richness and productivity can also vary over spatial scales. Wang et al. (1999)  
found a unimodal relationship between small mammal species richness and 
productivity at a larger spatial scale. At the smaller scale, no relationship could be 
found at all, suggesting movement and spatial use patterns are important factors to 
consider. On the contrary, Hortal et al. (2008) found that productive energy could 

1. Background 
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explain the species richness on a regional scale but also between sites. They found 
that the variation of species richness was explained by the productive energy to a 
greater degree in the larger sites, but the pattern was consistent over all scales. 
When looking at small mammals on a local and regional scale in Poland, 
Niedziałkowska et al. (2010) found that there was a positive linear relationship 
between small mammal diversity and the productivity of the forest habitat they 
lived in. This relationship could be seen on both the local and regional scales.  

The link between habitat and species richness seems to not be as clear as that of 
productivity. A positive relationship between species diversity, habitat diversity 
and habitat heterogeneity has been seen as fundamental within ecology based on 
the island biogeography theory (Losos & Ricklefs 2009). This theory is however 
based on isolated islands and although research has been done using this theory on 
a fragmented landscape, using the habitats patches as “islands” (Bueno & Peres 
2019) the application on the mainland is debated. A study on small mammals in the 
Colorado Rocky Mountains in the USA found no relationship between mammal 
richness and habitat diversity or heterogeneity (McCain et al. 2018). Though 
different studies have found that the relationship between habitat heterogeneity or 
diversity and species diversity can be either negative or positive, a literature review 
showed that the relationship is mostly positive (Tews et al. 2004). What is defined 
as the variation in habitats also varies between studies. Habitat heterogeneity in the 
form of elevation range was a significant variable in predicting species richness of 
all different vertebrate groups although its contribution was minor compared to 
other variables (Qian 2010). Studies on habitat richness and heterogeneity in 
Europe have shown a positive relationship between habitat richness and the 
richness of species (Fløjgaard et al. 2011; Cervellini et al. 2021).  The effect that 
habitat richness or diversity has on species richness can sometimes also be hard to 
separate from the effect that area has on species richness. This is shown by 
Kallimanis et al. (2008) who in their study found that area was significantly 
correlated with the number of habitat types. This means that these variables should 
not be used as independent variables. However, Kallimanis et al. (2008) also found 
that both area and habitat diversity significantly affect species richness 
independently of each other. They then concluded that habitat diversity is affecting 
how fast species accumulate as the area increase.  

As the impacts of global warming can greatly influence both productivity and 
habitat, it is crucial to explore the intricate relationship between these factors and 
their potential effects on species richness. Understanding the factors that shape 
species richness is particularly important as changes in species interactions can 
have significant consequences for ecosystem functioning, including trophic 
disruptions (Buckley et al. 2012). 
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One group of species that is especially vulnerable to the compounded bottom-up 
effect climate change can initiate are carnivores because of their high trophic 
position (Van Valkenburgh & Wayne 2010). The mammalian order Carnivora has 
a large variety of species, and they have the largest range in body size of any living 
order. Carnivores are not only diverse in size but also in their distribution and 
behaviour. They are distributed from pole to pole and can range from solitary to 
seemingly obligate social. This diversity and ecological importance have made 
carnivores a popular order to research (Van Valkenburgh & Wayne 2010). The 
most attention in research has been given to the large apex predators (Roemer et al. 
2009; Van Valkenburgh & Wayne 2010) but most species in the order Carnivora 
are not the large apex predators, but the medium to small-sized carnivores that are 
under 15 kg (Roemer et al. 2009). The impact small carnivores have within 
communities is generally assumed to be relatively minor despite them being more 
abundant than larger carnivores. A decline of larger carnivores caused by global 
warming may however change this fact as there are examples where this decline 
led to small carnivores driving community structures to a larger extent and 
becoming de facto apex predators (Roemer et al. 2009). The ecological role of the 
mammalian small carnivore can be far greater than previously thought and 
theoretical and empirical research suggest that small carnivores may be 
fundamentally important drivers of ecosystem function (Roemer et al. 2009). Small 
carnivores can also in themselves be used as sentinels of global environmental  
change and are more appropriate to use as such than larger carnivores (Marneweck 
et al. 2022). The variety in taxa and life histories of small carnivores makes them 
sentinels for different processes within ecosystems and the wider range of 
ecological niches causes them to have a wider variety of sensitivity to 
environmental change. A shorter lifespan and higher reproduction rate also make 
small carnivores more suitable as indicators of environmental change as their 
populations are more responsive to fluctuations in environmental conditions. It is 
not only the responsiveness to environmental change that makes the small 
carnivores so useful as sentinels of change, but they also have a higher abundance 
and can be easier to monitor. Management of small carnivores also tends to be less 
likely to cause conflict than that of larger carnivores (Marneweck et al. 2022). 

1.1 Aim 
Studying the response of small carnivore communities to the factors that shape their 
species richness is crucial due to their growing ecological importance as sentinels 
of global change. Investigating how productivity and habitat diversity affect small 
carnivorous mammal diversity is necessary, particularly considering small 
carnivores' abundance and ecological significance. This thesis explores the impact 
of primary productivity and habitat diversity on small carnivores' species richness, 
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providing insights into the factors shaping species composition in ecosystems. 
Understanding how small carnivores respond to environmental factors can help 
conserve their populations and overall ecosystem health. 

I hypothesize that: 
1. Small carnivore species richness in Europe increases with the productivity 

of the study area.  
2. Small carnivore species richness in Europe increases with the habitat 

richness of the study area. 
3. Small carnivore species richness in Europe increases with a decreasing 

habitat evenness of the study area. 
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To test my hypotheses, I conducted a two-step analysis using small carnivore 
detections in Europe and indexes of productivity and habitat diversity. The first step 
involved creating a model that estimated species richness from detection-non-
detection data from camera traps, while the second step involved using these 
estimates to examine the relationship between species richness, primary 
productivity, habitat richness, and habitat evenness.  

2.1 Study area 
The study area of this thesis was the same as that of the Snapshot Europe Project in 
2021 (Max Planck Institute of Animal Behaviour & EUROMAMMALS n.d.) from 
which I got my detection data of small carnivores. Snapshot Europe aimed to collect 
data on mammals in Europe using a coordinated and standardized camera trap effort 
during September and October 2021. Anyone could register a subproject with a 
study site and contribute if they followed the requirements according to the 
standards set by the Snapshot Europe protocol. Sixty-four study sites were included 
in my thesis, located in 21 countries in Europe (Figure 1). The study sites covered 
a variety of biomes, ranging from the boreal forests in northern Europe to 
Mediterranean woodland in Portugal and Greece. They also span over several 
different climate zones in Europe, with study sites placed in maritime subtropical 
climates to intermediate cold climates (Pinborg 2002). 

2. Method 
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Figure 1: Map over the study area with the 64 study sites marked. Background map data from 
OpenStreetMap. 

2.2 Camera data 
The data used in this thesis were placements and sequence data from the camera 
trap project Snapshot Europe in 2021 (Max Planck Institute of Animal Behaviour 
& EUROMAMMALS n.d.). The requirements of the cameras to contribute to the 
Snapshot Europe project were: 
 
• Have an infrared flash  
• Can fire bursts of pictures 
• Have a trigger speed of less than or equal to 0.5 seconds 
• Placed 50 cm off the ground   
• No bait is used 
• Take at least three pictures per burst in rapid-fire mode 
• Placed in 10 to 50 sites during September – October 
• Deployed for at least 3 weeks per site 
• At least 400 camera trap days across all sites 
• Deployed at least 200 m apart but less than 5 km apart  
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The images were uploaded to wildlife insights (Wildlife Insights n.d.) where an AI 
reviewed all the unclassified images and identified species. This automatic 
identification was then approved or edited by a member of the subproject that 
submitted the images. All camera locations were grouped in study sites. 

2.3 Preparing data for analysis 

2.3.1 Deployment and sequence data 
The data derived from the Snapshot Europe project came in two CSV files. One 
held the sequence data with information on the sequences of images the individual 
cameras had taken and the other held the deployment data with information about 
the individual deployed cameras within the study site. All preparations of the 
detection data were made in R (R Core Team 2022). 

I filtered the deployment data file to only keep the deployments that were active 
during the study period of 2021-09-01 to 2021-10-31. This filtering was necessary 
because some study sites had active deployments outside the study period set by 
the Snapshot Europe Project. Additionally, I removed cameras marked as not 
functioning and only kept cameras placed at knee height and with a parallel sensor 
orientation. 

To ensure the accuracy of the data, I visually inspected all deployments and study 
sites in QGIS (QGIS.org 2022). During this inspection, I removed a few 
deployments due to mistyped coordinates, which resulted in the deployment being 
far from the rest in the study site. Furthermore, study sites with fewer than three 
cameras after the initial filters were applied were also removed. Lastly, I removed 
one study site where cameras were placed well over the limit of 5 km apart, set by 
the Snapshot Europe Project protocol. 

I filtered the sequence data according to the study period between 2021-09-01 to 
2021-10-31. Fourteen species of small carnivores were identified within the data 
(Table 1). There were only a few subprojects that had identified pine marten 
(Martes martes) and beech marten (Martes foina) to species level, so I changed all 
observations to be classified at the genus level (Martes sp.) and included these two 
species as a single species in the model. 
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Table 1: List of species included in the species richness estimation. 

Species Common name 

Martes foina Beech marten 

Martes martes Pine marten 

Genetta genetta Common genet 

Herpestes ichneumon Egyptian mongoose 

Meles meles Eurasian badger 

Lutra lutra Eurasian otter 

Canis aureus Golden jackal 

Mustela nivalis Least weasel 

Procyon lotor Northern raccoon 

Nyctereutes procyonoides Raccoon dog 

Vulpes vulpes Red fox 

Mustela erminea Stoat 

Mustela putorius Western polecat 

Felis silvestris Wild cat 

The northern raccoon (Procyon lotor) and the raccoon dog (Nyctereutes 
procyonoides) are alien invasive species in Europe (EU 2022). Therefore, their 
current distribution might be largely determined by where they were originally 
introduced, and the time since introduction, rather than environmental factors. To 
test if this might influence the estimated patterns in small carnivore species 
richness, I ran the models twice, once with and once without these two species. 

I performed several tasks to convert the sequence data into detection histories of 
the small carnivore species. Firstly, I assigned zeros for non-detection and ones for 
detection. Then, I grouped the detection histories based on calendar days into one-
week occasions, resulting in the study period consisting of 9 occasions (weeks 35 - 
43). I corrected the detection histories by taking into account the time when the 
cameras were active, and set all other occasions to NA values, as some study sites 
did not have all deployments active simultaneously. For species that were not 
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detected at a camera location within its geographical range, I included them with a 
detection history of zeroes for all active occasions. In study sites where the species 
could not occur, I set the detection histories to NA values to ensure that non-
detections outside of the geographical range did not affect the overall detection 
probability of the species. 

To obtain the range data, I used the distribution maps from IUCN (IUCN 
(International Union for Conservation of Nature) 2008, 2014, 2015, 2016a, b, c, d, 
e, f, g, h, 2018; Gerngross, P. et al. 2022) and observations of the species from the 
GBIF archive (GBIF.org 2023). I determined that the species was possibly present 
in a study site if the site was within 10km of the range set by IUCN or if there were 
at least two observations of the species according to the GBIF data within the site 
or within 10km of the site. Finally, I used the combined range of pine marten and 
beech marten to determine the range for Martes sp. 

2.3.2 Covariates 
I prepared the environmental covariates used in the occupancy models and analyses 
connected to the aim using the Geographic Information System program QGIS 
(QGIS.org 2022). For modelling the likelihood of a species occurring at a camera 
location, I selected three covariates: tree cover percentage, distance to water, and 
human footprint. The tree cover percentage was chosen to explain the different 
species’ preferences for habitats with different forest covers. For instance, martens 
are known to prefer woodlands with an incomplete canopy (Herrero et al. 2015). 
The distance to water was used to estimate the occupancy of semi-aquatic species, 
such as otters (Kruuk 2006). Lastly, the human footprint was included to account 
for the likelihood of the species living in areas affected by human activity. For 
example, wild cats prefer to live in relatively undisturbed habitats (Oliveira et al. 
2018), while golden jackals can venture into human settlements in search of food 
(Ćirović et al. 2016). All of these variables were extracted for each camera location. 

Tree cover percentage had a pixel resolution of 250 m and a yearly temporal 
resolution (DiMiceli, et al. 2015). I calculated distance to water using Open Street 
Map data on waterways and wetlands using the QGIS plugin QuickOSM. 
Shapefiles of wetlands, lakes and waterways were rasterized to a pixel resolution 
of 100 m with a fixed value classified as water that covered all study sites and an 
additional 10 km buffer around them. I then used the QGIS tool Proximity to create 
a new raster of the same resolution with pixel values that reflected the distance in 
meters of each cell to those that were classified as water. I extracted the human 
footprint covariate from a raster of cumulative human pressure on the environment 
from 2009 (Venter et al. 2016).  The spatial resolution was 1 km, and the values of 
the raster were based on eight different pressures variables: 1) the extent of built 
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environments, 2) population density, 3) electric infrastructure, 4) croplands, 5) 
pasture lands, 6) roads, 7) railways, and 8) navigable waterways. I also used the 
mean body mass of each species (Smith 2004) and the camera effort in days 
deployed in the modelling. I used the mean body mass of the individual species to 
account for the different probabilities a species would have of being detected by the 
cameras due to its size. I used the camera effort in days to correct for the fact that 
all deployments were not active for the whole study period. 
 
The site-specific covariates used to test the hypotheses were land cover evenness, 
land cover richness and productivity per site. I defined the study site geographically 
by using the minimum bounding geometry tool in QGIS on the deployments of each 
study site with the geometry type convex hull. Then, I buffered the area by 1 km 
(Figure 2) since this is the approximate mean radius of the home range of the species 
included based on data from the PanTHERIA database (Jones et al. 2009). I derived 
the land cover evenness and richness by using the EUNIS (European Nature 
Information System) habitat type raster with a 100 m spatial resolution and a yearly 
temporal resolution (European Environment Agency 2019). Using the zonal 
statistics tool in QGIS, I extracted the variation and richness of land cover types in 
each study site. The land cover evenness was calculated using Pielou’s evenness 
(Pielou 1966). For the index of productivity, I used NDVI, which has been used in 
several other studies investigating species richness and productivity (Bonn et al. 
2004; Hurlbert & White 2005; Qian 2010; Coops et al. 2019; Feng et al. 2021; Li 
et al. 2022). I calculated the mean NDVI of each site from MODIS data (Didan 
2021), using the zonal statistics tool in QGIS. This dataset had a 500 m spatial 
resolution and a 16-day temporal resolution. I calculated a yearly mean for each 
cell from the multiple 16-day rasters, and the reason for using the yearly mean 
instead of the study period was that I assumed it would more accurately explain the 
Europe-wide variation in species richness at the study site level. Finally, I 
standardized all covariates before using them in the models by subtracting the mean 
and dividing them by the standard deviation. 
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Figure 2: Example of one of the study sites with a buffer of 1 km around the camera deployments 
shown by the red dots. This study site was located in Stelvio National Park in Italy. Background 
map data from OpenStreetMap. 

2.4 Modelling framework 
Differences in the number of camera traps and the time these cameras were 
deployed among study sites could lead to biased estimates of species richness when 
using the observed number of species. Therefore, I used a multi-species occupancy 
model to estimate the species richness in each study site. The framework used for 
estimating the species richness in the study sites was a combination of multi-scale 
and multi-species occupancy models described by Kéry and Royle (2016). I 
combined a multi-scale approach with the multi-species occupancy model to 
account for my study design that used smaller units (the deployments) nested in 
larger units (the study sites). The model of the occupancy of a species at study site 
level was a simple Bernoulli model: 
 

𝑧𝑧𝑖𝑖𝑖𝑖  ~ Bernoulli�𝜓𝜓𝑖𝑖𝑖𝑖� (1) 

Where ψij is the occupation probability of species i in study site j and ψij = Pr(zij=1). 
The sum of zi per site is the estimated species richness per site. The site-use of the 
area around the individual cameras (deployment area) within each study site was 
then conditional on the occupancy of a species in the study site: 

𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖|𝑧𝑧𝑖𝑖𝑖𝑖 ~ Bernoulli�𝑧𝑧𝑖𝑖𝑖𝑖 𝑥𝑥 𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖� (2) 

Where aijk is the site-use of species i in study site j and deployment area k. This had 
the probability of ϴijk given that the study site was occupied by the species (zij=1). 
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The probability of detecting a species given that it is using the deployment area is 
described as: 

𝑦𝑦𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖|𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖 ~ Bernoulli�𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖 𝑥𝑥 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖� (3) 

Where yijkl is the detection or non-detection of species i in study site j and 
deployment area k during occasion l. The detection had the probability of pijkl given 
that the deployment area was used by the species (aijk=1). 
 
To accommodate for the different effects the species, deployment placements and 
survey duration had on the site-use and detection probability this was modelled 
using a series of logistic regression equations with species-specific intercepts. The 
occupancy probability was not modelled with any covariates, to assure independent 
estimates for the second step (see below), but had a species-specific intercept (lpsi): 
 

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙�𝜓𝜓𝑖𝑖𝑖𝑖� = 𝑙𝑙𝑝𝑝𝑙𝑙𝑙𝑙𝑖𝑖 (4) 
 
The site-use probability ϴ was modelled as species-specific and influenced by tree 
cover, distance to water and human footprint.  
 

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙�𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖� =  𝑙𝑙𝑙𝑙ℎ𝑒𝑒𝑙𝑙𝑎𝑎0𝑖𝑖 +  𝑏𝑏𝑒𝑒𝑙𝑙𝑎𝑎. 𝑙𝑙𝑙𝑙ℎ𝑒𝑒𝑙𝑙𝑎𝑎1𝑖𝑖 ∗  𝑙𝑙𝑡𝑡𝑒𝑒𝑒𝑒. 𝑐𝑐𝑙𝑙𝑐𝑐𝑒𝑒𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖 + 
𝑏𝑏𝑒𝑒𝑙𝑙𝑎𝑎. 𝑙𝑙𝑙𝑙ℎ𝑒𝑒𝑙𝑙𝑎𝑎2𝑖𝑖 ∗ log (𝑑𝑑𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑑𝑑𝑐𝑐𝑒𝑒. 𝑙𝑙𝑙𝑙.𝑤𝑤𝑎𝑎𝑙𝑙𝑒𝑒𝑡𝑡 𝑖𝑖𝑖𝑖𝑖𝑖) + 
𝑏𝑏𝑒𝑒𝑙𝑙𝑎𝑎. 𝑙𝑙𝑙𝑙ℎ𝑒𝑒𝑙𝑙𝑎𝑎3𝑖𝑖 ∗ log�ℎ𝑢𝑢𝑢𝑢𝑎𝑎𝑑𝑑.𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑡𝑡𝑙𝑙𝑑𝑑𝑙𝑙𝑖𝑖𝑖𝑖𝑖𝑖�  (5)

 

 
The detection probability p was modelled with survey effort in days: 
 

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙�𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖� =  𝑙𝑙𝑝𝑝0𝑖𝑖 +  𝑏𝑏𝑒𝑒𝑙𝑙𝑎𝑎. 𝑙𝑙𝑝𝑝1 ∗  𝑒𝑒𝑓𝑓𝑓𝑓𝑙𝑙𝑡𝑡𝑙𝑙𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 (6) 
 
The betas in the site-use model were species-specific while the beta in the detection 
probability model was not and they represent the different slopes of the covariates. 
Body mass was modelled as linear regressions directly on the means and variances 
of the random intercepts of the site-use and detection probabilities: 
 

𝑙𝑙𝑙𝑙ℎ𝑒𝑒𝑙𝑙𝑎𝑎𝑖𝑖  ~ 𝑁𝑁𝑙𝑙𝑡𝑡𝑢𝑢𝑎𝑎𝑙𝑙�𝜇𝜇𝑖𝑖𝑙𝑙ℎ𝑒𝑒𝑙𝑙𝑒𝑒,𝑖𝑖,𝜎𝜎𝑖𝑖𝑙𝑙ℎ𝑒𝑒𝑙𝑙𝑒𝑒,𝑖𝑖
2 � (7) 

𝑙𝑙𝑝𝑝𝑖𝑖 ~ 𝑁𝑁𝑙𝑙𝑡𝑡𝑢𝑢𝑎𝑎𝑙𝑙�𝜇𝜇𝑖𝑖𝑙𝑙,𝑖𝑖,𝜎𝜎𝑖𝑖𝑙𝑙,𝑖𝑖
2 � (8) 

 
𝜇𝜇𝑖𝑖𝑙𝑙ℎ𝑒𝑒𝑙𝑙𝑒𝑒,𝑖𝑖 = 𝑑𝑑𝑒𝑒𝑙𝑙𝑙𝑙𝑎𝑎. 𝑙𝑙𝑙𝑙ℎ𝑒𝑒𝑙𝑙𝑎𝑎0 +  𝑑𝑑𝑒𝑒𝑙𝑙𝑙𝑙𝑎𝑎. 𝑙𝑙𝑙𝑙ℎ𝑒𝑒𝑙𝑙𝑎𝑎1 ∗ log10(𝑢𝑢𝑎𝑎𝑙𝑙𝑙𝑙𝑖𝑖) (9) 

𝜇𝜇𝑖𝑖𝑙𝑙,𝑖𝑖 = 𝑑𝑑𝑒𝑒𝑙𝑙𝑙𝑙𝑎𝑎. 𝑙𝑙𝑝𝑝0 +  𝑑𝑑𝑒𝑒𝑙𝑙𝑙𝑙𝑎𝑎. 𝑙𝑙𝑝𝑝1 ∗ log10(𝑢𝑢𝑎𝑎𝑙𝑙𝑙𝑙𝑖𝑖) (10) 
 

log�𝜎𝜎𝑖𝑖𝑙𝑙ℎ𝑒𝑒𝑙𝑙𝑒𝑒,𝑖𝑖
2 � = 𝑝𝑝ℎ𝑙𝑙. 𝑙𝑙𝑙𝑙ℎ𝑒𝑒𝑙𝑙𝑎𝑎0 +  𝑝𝑝ℎ𝑙𝑙. 𝑙𝑙𝑙𝑙ℎ𝑒𝑒𝑙𝑙𝑎𝑎1 ∗ log10(𝑢𝑢𝑎𝑎𝑙𝑙𝑙𝑙𝑖𝑖) (11) 
log�𝜎𝜎𝑖𝑖𝑙𝑙,𝑖𝑖

2 � = 𝑝𝑝ℎ𝑙𝑙. 𝑙𝑙𝑝𝑝0 +  𝑝𝑝ℎ𝑙𝑙. 𝑙𝑙𝑝𝑝1 ∗ log10(𝑢𝑢𝑎𝑎𝑙𝑙𝑙𝑙𝑖𝑖) (12) 
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Where the deltas and phis are the intercepts and slopes of the body mass covariate 
and massi is the mean body mass (g) of species i. This use of the body mass 
covariate made it possible to use observations from more common species to 
estimate likely detection and site-use probabilities of less common species through 
an expected relationship with body mass. I mostly used vague priors of normal 
distribution except for the hyperpriors of the standard deviations. The priors of the 
standard deviations had a uniform distribution with a limit that was set by trial and 
error (Appendix 1). I checked the frequency of values that the posterior of the 
standard deviation had taken after every time the model had run and if the values 
varied close to the limit set in the uniform distribution, the limit was extended in 
the next run. This was done until the prior no longer varied up to the set limit. I set 
the initial values of the occupancy and the site-use using the observed values and 
the initial values of the hyperpriors were sampled from a normal distribution.  

I ran the model for 80 000 iterations on 8 cores with a thinning rate of 10 and 7 000 
burn-in iterations. I checked for successful convergence based on Rhat values of 
below 1.1 and the trace plots were also checked to ensure convergence of the 
Markov chains. 

I then tested for relationships between estimated species richness and my covariates 
of interest in a second step, following the method described by Kéry and Royle 
(2016). This analysis propagates the estimation uncertainty of the estimates of 
species richness from the occupancy model. I extracted the posterior means of the 
species richness per site from the occupancy model result, as well as the standard 
deviations. Next, I performed a simple regression with NDVI as the index of 
productivity, land cover evenness, and land cover richness, and fitted it with two 
residual components. The first residual component accounted for the uncertainty 
from the occupancy model (i.e., the standard deviation), while the second 
component accounted for the usual lack of fit component, estimated from the data. 

𝑁𝑁𝑖𝑖  ~ 𝑁𝑁𝑙𝑙𝑡𝑡𝑢𝑢𝑎𝑎𝑙𝑙�𝜇𝜇𝑁𝑁,𝑖𝑖 ,𝜎𝜎𝑖𝑖2� (13) 

𝜇𝜇𝑁𝑁,𝑖𝑖 = 𝑏𝑏𝑒𝑒𝑙𝑙𝑎𝑎1 + 𝑏𝑏𝑒𝑒𝑙𝑙𝑎𝑎2 ∗ 𝐿𝐿𝐿𝐿𝐿𝐿𝑖𝑖 +  𝑏𝑏𝑒𝑒𝑙𝑙𝑎𝑎3 ∗ 𝐿𝐿𝐿𝐿𝐿𝐿𝑖𝑖 + 
𝑏𝑏𝑒𝑒𝑙𝑙𝑎𝑎4 ∗ 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑖𝑖 + 𝑒𝑒𝑝𝑝𝑙𝑙𝑖𝑖 (14) 

Where Nj is the estimated species richness in study site j from the occupancy model 
and the posterior standard deviation of the estimated species richness per site is 
used as σ2. LCE is the land cover evenness, LCR is the land cover richness, NDVI 
is the mean NDVI in the study site and eps is the lack of fit component. I used vague 
priors of a normal distribution with a mean of 0 and precision of 0.001 for the betas. 
I also used a normal distribution for the eps variable but with a mean of 0 and a 
precision that had a hyperprior with a uniform distribution between 0 and 2. The 
initial values of the betas were sampled from a normal distribution. I ran this model 
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for 12 000 iterations on 3 cores with a thinning rate of 10 and 2 000 burn-in 
iterations. The convergence of the Markov chains was checked in the same way as 
for the occupancy model. This analysis ignored covariances of the estimates of 
species richness between sites. To test that there was no covariance, the joint 
posteriors of the richness estimates were plotted for pairs of sites to visually inspect 
the likelihood of this assumption. 
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A total of 1 230 deployments in 64 sites were used in the occupancy modelling. 
This added up to 543 309 camera trap days during the study period. The estimated 
species richness was slightly higher than the observed species richness across all 
sites. The estimated species richness ranged from 4.7 to 10.4 species while the 
observed species richness ranged from 1 to 8 species (Appendix 2). The exotic 
species were kept in the final version of the occupancy model since the response of 
the environmental covariates on the species richness was very similar with or 
without the species included. The site with the highest species richness was in 
Hungary and the site with the lowest richness was in Germany. The regional 
patterns in species richness were not very clear as sites with varying richness were 
located quite close to each other. Great Britain, Ireland and Scandinavia had a low 
to medium species richness and eastern Turkey and Israel had low species richness 
(Figure 3). There also tended to be a low to medium species richness in southern 
Germany and Switzerland.  

 

Figure 3: Overview of all sites and the estimated species richness of small carnivores at each site, 
Sep-Oct 2021. Background map data from OpenStreetMap.  

3. Results 
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3.1 Occupancy model 
 
I found generally low detection probabilities for all species. The mean detection 
probability of the species community was 0.09 and ranged from 0.01 to 0.19 
(Appendix 3). The among-species variation in site-use probability was a little larger 
than that of the detection probability with a mean of 0.28, ranging from 0.04 to 0.54. 
The occupancy probability had the largest variation, varying from very low to very 
high occupancy probability. The mean occupancy probability was 0.52 ranging 
from 0 to 1. The variation in the occupancy probability suggested that several 
species are widespread but also several that have very limited distribution. 

3.1.1 Detection probability 

The average effect of effort on the detection probability was negligible with large 
uncertainty (mean 0.03, 95% CRI -18.16 to 18.15). The standard deviation of the 
effect of effort on the detection probability was very high. It was in reality even 
higher as no upper limit to the variation in the posterior of the standard deviation 
was found during the modelling. The upper limit of the prior for the standard 
deviation of the effect of effort on the detection probability was increased until other 
estimates no longer changed. It was decided to stop the increase there as the upper 
limit already was very high and the posteriors seemed to continue to vary into 
infinity. 

As the effort increased, the detection probability for all species showed an upward 
trend. Among the studied species, the Eurasian otter, golden jackal, and red fox had 
the highest detection probabilities ranging between 0.19 – 0.51, 0.18 - 0.49 and 0.16 
– 0.46 respectively. The least weasel had the lowest detection probability, 
regardless of the level of effort, varying between 0.02 - 0.07 (Appendix 4). 

3.1.2 Site-use probability 

The median effect of the covariates on the site use probability and the detection 
probability of the entire community of species was low and all credible intervals 
(CRI) of the posteriors were overlapping zero. The tree cover percentage had a 
median effect of 0.001 and 95% CRI between -0.32 and 0.29. The distance to water 
had the largest median effect on the entire community of -0.16 and 95% CRI 
between -0.59 and 0.25. The median effect of the human footprint was -0.09 with 
95% CRI between -0.5 and 0.25.  
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The percentage of tree cover had different effects on different species and the mean 
slope was positive for some species and negative for others. This meant that if the 
mean slope was positive, the species tended to have a higher probability of using 
the site around the deployment when the tree cover percentage was higher and vice 
versa. None of the species-specific effects were strong however as all the 95% 
credible intervals overlapped zero. Some species had a bigger overlap than others 
(Figure 4). The red fox had the generally highest site-use probability of all species, 
but it was not affected by a changing tree cover percentage. Only the golden jackal 
had a higher site-use probability than the red fox but only in the lowest tree cover 
percentages. The least weasel had the lowest site use probability of all species and 
that was not affected by the tree cover either (Appendix 4).  

 

 

Figure 4: The effect the percentage of tree cover has on the individual species in the occupancy 
model. The black dots are the mean effect, and the lines represent the credible interval. Credible 
intervals that don't overlap zero are highlighted in blue. 
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The effect of the log-transformed water distance on the species-specific site-use 
probability was strong for three species. An increasing distance to water had a 
positive effect on the site use of golden jackals with a slope of 0.5 but a negative 
effect on the site use of otters and badgers with slopes of -1.49 and -0.17 
respectively (Figure 5). The otter had the highest site-use probability of all species 
where the distance to water was the lowest but also the lowest site-use probability 
at a high distance to water. The red fox had a high site-use probability across all 
different distances to water (compared to other species) and the site-use probability 
was unaffected by the distance to water. When there is a long distance to water, the 
golden jackal had the highest site-use probability (Appendix 4).   

 

 

Figure 5: The effect the log-transformed distance to water has on the individual species in the 
occupancy model. The black dots are the mean effect, and the lines represent the credible interval. 
Credible intervals that don't overlap zero are highlighted in blue. 

The log-transformed human footprint index had a significant effect on the site-use 
of two species. An increasing human footprint index had a negative effect on the 
site-use of the wild cat with a slope of -0.41 but a positive effect on the site use of 
red foxes with a slope of 0.27 (Figure 6). The wild cat had the highest site-use 
probability of all species at the lowest human footprint index. The golden jackal 
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had the highest site-use probability at the highest levels of human pressure while 
the least weasel had the lowest. The stoat had the lowest site-use probability at a 
low human footprint index (Appendix 4).  

 

 

Figure 6: The effect the log-transformed human footprint index has on the individual species in the 
occupancy model. The black dots are the mean effect, and the lines represent the credible interval. 
Credible intervals that don't overlap zero are highlighted in blue. 

 

3.1.3 Patterns of species richness 

The final model that tested the hypotheses gave no strong conclusions as to how the 
estimated species richness was related to the environmental covariates. All 
estimates of the slopes of the covariates were relatively low and the credible interval 
overlapped zero for all estimates. When visually inspecting the plotted relationship 
between each parameter and the estimated species richness, no clear relationship 
could be seen. The area of the study sites was initially intended to be included but 
because of the high correlation to both habitat covariates, it was excluded. 
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There was a weak positive response between the estimated species richness and 
productivity in the form of NDVI with a mean slope of 0.20. This relationship was 
however still not conclusive with a credible interval between -0.13 and 0.53 (Figure 
7) but 89% of the posterior had the same positive sign as the mean (Appendix 5). 

 

 

Figure 7: The relationship between productivity and estimated species richness. The error bars 
denote the 95% CRI of the species richness estimates from the occupancy model. The red line is the 
regression line estimated from the two-step analysis that accounts for both posterior standard 
deviations and residual variation around the regression line. The dashed red line is the 95% CRI of 
the regression. 
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There was no relationship between estimated species richness and the land cover 
evenness. The estimated mean slope was 0.001 with a 95% CRI of -0.32 to 0.32 
(Figure 8). 50% of the posterior had the same positive sign as the mean (Appendix 
5).  

 

 

Figure 8: The relationship between land cover evenness and estimated species richness. The error 
bars denote the 95% CRI of the species richness estimates from the occupancy model. The red line 
is the regression line estimated from the two-step analysis that accounts for both posterior standard 
deviations and residual variation around the regression line. The dashed red line is the 95% CRI of 
the regression.  
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The response estimated species richness had on the changing land cover richness 
was very low. The estimated mean slope was 0.048 with a 95% CRI between -0.26 
and 0.36 (Figure 9). The proportion of the posterior that had the same positive sign 
as the mean was 62% (Appendix 5).  

 

 

Figure 9: The relationship between land cover richness and estimated species richness. The error 
bars denote the 95% CRI of the species richness estimates from the occupancy model. The red line 
is the regression line estimated from the two-step analysis that accounts for both posterior standard 
deviations and residual variation around the regression line. The dashed red line is the 95% CRI of 
the regression. 
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Using a multi-scale and multi-species method of hierarchical modelling, the species 
richness of small carnivores was estimated in 64 sites across Europe. These species 
richness estimates were then modelled with three explanatory environmental 
variables in a meta-analysis.  The occupancy model showed that the covariates used 
had a different effect on the site-use probability of different species but not on the 
community. The final meta-analysis that tested the hypotheses found weak 
evidence for an increase in species richness with study site productivity but no 
evidence of habitat richness or evenness having an impact on species richness. 

4.1 Occupancy model performance 
The species richness estimates can be considered accurate based on the response 
that individual species’ detection and site-use probability had to the environmental 
covariates. The detection probabilities are consistent with previous studies using 
occupancy models on both mammals in general (Tobler et al. 2015; Feng et al. 
2021) and small carnivores in particular (Li et al. 2022). The detection probability 
was highest for the larger species and that also meets the expectations since those 
both have larger home ranges and are easier to capture on camera because of their 
body size. Most of the species-specific site-use probabilities had associations with 
tree cover, distance to water and human footprint that was expected from a 
biological standpoint. While not all covariates had a strong association with the 
increase or decrease in site-use probability of a certain species, none of the effects 
went against the species’ known preferences in terms of habitats. Most notable was 
the expected decrease in site-use probability of the Eurasian otter with increased 
distance to water since this is a clear habitat preference of the species (Kruuk 2006). 
Also, the associations that were not as strong still confirmed species’ known habitat 
preferences such as the golden jackals’ preference for arid grasslands and proximity 
to human settlements (Ćirović et al. 2016). This consistency in expected 
associations between the site-use probabilities and the covariates used in the 
occupancy model showcases the robustness of the model and the credibility of the 
species richness estimates on a site level. 

4. Discussion 
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4.2 Productivity and small carnivore richness 
The hypothesis that species richness should increase with increasing productivity 
was probably the most solid of the hypotheses when it came to previous research. 
There was however no strong response to the estimated species richness of small 
carnivores with changing productivity in the analysis done in this thesis. The 
estimated species richness tended to increase with increasing productivity, which 
was expected according to empirical research, but the uncertainty is too great to 
make any definitive conclusions. The relationship between productivity and species 
richness has been seen to vary between different spatial scales where some scales 
exhibit no relationship at all (Wang et al. 1999). What is contradictory to the 
findings in this thesis is that it has been in smaller spatial scales some researchers 
have not found a relationship between productivity and species richness, but they 
have found a relationship at larger scales. This implies that it should be even more 
likely that a correlation would have been shown since all of Europe was analysed 
but that was not the case. Other factors than the spatial scale have therefore most 
likely played a role in the lack of correlation. 

The sampling of study sites may have added to the uncertainty of the relationship 
between productivity and small carnivore species richness. The study sites were not 
distributed evenly across Europe and not across the gradient of productivity either. 
This can be seen in the point estimates in figure 7 where most of the points are at 
around the same productivity level and very few sites were at a very high or low 
productivity area. This is also illustrated by the larger credible interval, especially 
in the lower productivity sites. Future studies that test the correlation between 
species richness of small carnivores and productivity should have a more even 
distribution of sites in different productivity areas to be able to make sure the lack 
of correlation is not the cause of the sampling of study sites.  

Assuming the lack of correlation between small carnivore species richness and 
productivity is not because of the sampling effort, the trophic level of the small 
carnivores can be a contributing factor. Because of the trophic level that small 
carnivores are in, the effect of higher productivity will not be as direct on their 
available resources as for herbivorous mammals. This additional step in the 
relationship between productivity and species richness may be the cause of the 
weaker evidence for a correlation compared to studies made on all mammal species 
together. This explanation for the lack of a strong correlation between productivity 
and small carnivore species richness is supported by Sandom et al. (2013) which 
found decreasing importance of productivity and climate to species richness when 
ascending the trophic levels. Li et al. (2021) also found that there was no direct 
correlation between productivity and carnivore species richness but an indirect 
correlation through the positive effect the productivity had on the abundance of 
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prey species. This suggests that in further studies, the abundance of prey species 
should be accounted for in the models using productivity as a predictor for carnivore 
species richness to account for the indirect effects through trophic levels. 

4.3 Habitat and small carnivore richness 
The connection between species richness and different measures of habitat diversity 
and heterogeneity have been seen to vary in intensity between studies and 
sometimes there has been no definitive correlation at all. This lack of consensus in 
the research is reflected in these analyses as well as there was very little to no 
association between the habitat factors and species richness of small carnivores. 
Although the review Tews et al. (2004) made showed that there is a majority of 
studies made on habitat heterogeneity and species richness or diversity that show a 
positive correlation, they point out a possible influence of publication bias towards 
positive results. The far fewer studies that saw no effect of habitat heterogeneity on 
species richness such as the case in the analysis done in this thesis could also 
possibly be because of the tendency that studies with larger effects are more likely 
to be published (Parker et al. 2016). 

The measurements of what is classified as habitat richness also vary between 
studies and this could have an impact on the results. The use of methods of 
measuring habitat diversity also has an impact on the scale and precision of the 
habitat measurements. The differences in methods can make it difficult to make 
comparisons of results between different studies and different species may react 
differently to the same measure of habitat heterogeneity (Tews et al. 2004). The 
span of species looked at in this thesis is far narrower than in many other studies on 
habitat heterogeneity and species richness. This can result in these species by 
themselves not exhibiting the same patterns in species richness as when for example 
all mammal species are included. Several of these species of small carnivores are 
adaptive to a wide arrange of habitat types and this can cause the relationship with 
habitat richness and evenness to be less pronounced. The spatial scale of the 
measurements of the structural variable is also crucial when it comes to relating it 
to species richness (Tews et al. 2004). It is however difficult to discern if that is a 
contributing factor to the results in this thesis as studies both using habitat 
measurements that have lower resolution satellite data (Fløjgaard et al. 2011; 
Cervellini et al. 2021) and higher resolution on-site measurements (Kallimanis et 
al. 2008) that have found positive relationships between habitat diversity and 
species richness or diversity.  

The temporal aspect of the measurements that I used to classify the richness and 
evenness of the habitats can also have impacted the results. Since the data set of 
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land cover is several years old by the time of the study period, the evenness and 
richness measurements may not be accurate anymore at all the sites.   

The size or connectivity of the different types of habitats was not considered in the 
correlation between habitat richness, evenness and species richness. This may result 
in there being a high habitat richness and low evenness but only because the 
landscape is highly fragmented with small patches of habitats that cannot sustain a 
significant number of species. As a high habitat richness or a low evenness also can 
represent fragmentation that may have a negative effect on the species richness in 
a site. Higher fragment isolation and reduced fragment area reduce species richness 
(Haddad et al. 2015). The degree of fragmentation and connectivity should 
therefore be included in future studies exploring the correlation between habitat 
structure and small carnivore species richness to account for the quality of the 
habitat richness available in the study sites. The effect of fragmentation on 
carnivore occupancy can however differ between different species (Crooks 2002) 
making these factors best to implement as species-specific. 

4.4 Limitations  
No data augmentation, adding unseen species, was done in these analyses and this 
resulted in only the species that were detected at any of the study sites to be 
included. This excluded some of the other small carnivores that can be found in 
Europe such as the steppe polecat (Mustela eversmanii) and the Marbled polecat 
(Vormela peregusna). An added number of missed species can however make the 
species richness estimates unreasonably high (Guillera‐Arroita et al. 2019), 
therefore, adding more species that were missed could make the richness estimates 
more unreliable than when they are excluded. The decision was made to keep the 
exotic species northern raccoon (Procyon lotor) and the raccoon dog (Nyctereutes 
procyonoides). The results did not differ and none of the environmental factors 
made a significant impact on the species richness when they were included or 
excluded.  

There are also additional factors that can affect the species richness at any given 
study site that was not accounted for in the models. The impact that larger 
carnivores could have on the species richness of the small carnivores, in general, 
was not considered in this study. The distributions of larger carnivores differ 
between study sites (Chapron et al. 2014) and since the presence of large carnivores 
can have a negative effect on the presence of smaller carnivores (Prugh & Sivy 
2020) this could also impact the final results as it was not considered in the models. 
Human activities other than the human footprint index were not accounted for 
either. There could be a varying effect of hunting of some of the small carnivores 
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included that could influence the species richness in a study site. This effect could 
both be direct by the number of individuals of a particular species being reduced 
and by the change in interactions. The change in the density of one carnivore species 
can greatly affect the density of other carnivores (Linnell & Strand 2000) and this 
possible change in dynamics based on human interference has not been accounted 
for. 

The design of the method may have been a contributing factor to the vague nature 
of the results of the relationship between the estimated species richness and the 
productivity and habitat factors. Using a two-step analysis and propagating the 
uncertainty makes the analysis more robust but it has a larger overall uncertainty, 
making vague results more likely to be not significant. 

Some of the study sites had fewer cameras after the filtering of the placements and 
removal of non-functioning cameras than the protocol for the Snapshot Europe 
project demanded. These were still included as the number of study sites would be 
decreased if the ones below the limit of active cameras were removed. Having sites 
with as few as 5 cameras could add uncertainty. The number of cameras was 
however accounted for in the occupancy model by including the camera effort and 
the site-use probability around the individual cameras. Because the sites with very 
few cameras were accounted for in the occupancy model and would be given a 
higher uncertainty to the richness estimates, it was decided that keeping them would 
not seriously affect the credibility of the richness estimates. The extent of the 
uncertainty was also carried over to the final model where the richness estimates 
were checked for correlation with the productivity and habitat factors, making sure 
they were accurately represented. 

Though there was a general standardization of how the cameras should be set up 
there is variation in methods of choosing placements, where some may use a strictly 
systematic placement whereas others use random placements. Some cameras were 
placed on different kinds of trails which would affect the detection probability. This 
is something that probably should have been corrected for in the modelling of 
detection probability, especially since carnivore species show a higher probability 
of being caught on camera at game trail placements (Cusack et al. 2015). The 
potential error is then that the model assumes that the detection probability of a 
species should be the same between deployments, only depending on the effort, 
which may not have been the case. 
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4.5 Conclusion  
The occupancy model performance showed a consistency in the expected 
associations between the site-use probabilities and the environmental covariates, 
indicating the credibility of the species richness estimates on a site level. However, 
the final meta-analysis did not find any strong relationships between the estimated 
species richness and the environmental covariates. 

The hypothesis that species richness should increase with increasing productivity 
was not strongly supported in this study. Although the estimated species richness 
tended to increase with increasing productivity, the uncertainty was too great to 
make any definitive conclusions. The trophic level of the small carnivores may be 
a contributing factor, as the effect of higher productivity on their available resources 
may not be as direct as for herbivorous mammals. 

The connection between habitat diversity and small carnivore richness was also not 
strongly supported in this study, with very little to no association found between 
the habitat factors and species richness of small carnivores. The effect of 
fragmentation on habitat heterogeneity may, however, had an impact on the results. 

Overall, this study provides insights into the species richness of small carnivores in 
Europe and the factors that may affect it. However, further studies with a stratified 
sample of sites through the range of the studied environmental factors that are 
accounting for the indirect effects through trophic levels and habitat composition 
are needed to draw more definitive conclusions. 
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# Priors  
for(i in 1:n.spec){ 
   
  # psi 
   
  lpsi[i] ~ dnorm(mu.lpsi, tau.lpsi) 
   
  # theta 
   
  ltheta[i] ~ dnorm(mu.ltheta[i], tau.ltheta[i]) 
  mu.ltheta[i] <- delta0.ltheta + delta1.ltheta * logmass[i] 
  tau.ltheta[i] <- 1/var.ltheta[i] 
  log(var.ltheta[i]) <- phi0.ltheta + phi1.ltheta * logmass[i] 
   
  betaltheta1[i] ~ dnorm(mu.betaltheta1, tau.betaltheta1) 
  betaltheta2[i] ~ dnorm(mu.betaltheta2, tau.betaltheta2) 
  betaltheta3[i] ~ dnorm(mu.betaltheta3, tau.betaltheta3) 
   
  # p 
   
  lp[i] ~ dnorm(mu.lp[i], tau.lp[i])  
  mu.lp[i] <- delta0.lp + delta1.lp * logmass[i] 
  tau.lp[i] <- 1/var.lp[i] 
  log(var.lp[i]) <- phi0.lp + phi1.lp * logmass[i] 
} 
betalp1 ~ dnorm(mu.betalp1, tau.betalp1) 
 
# Priors for regression params for means 
delta0.ltheta ~ dnorm(0, 0.01) 
delta1.ltheta ~ dnorm(0, 0.01) 
delta0.lp ~ dnorm(0, 0.01) 
delta1.lp ~ dnorm(0, 0.01) 

Appendix 1: Description of the multi-species 
multi-scale occupancy model in JAGS  
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# Priors for regression params for variances 
phi0.ltheta ~ dnorm(0, 0.01) 
phi1.ltheta ~ dnorm(0, 0.01) 
phi0.lp ~ dnorm(0, 0.01) 
phi1.lp ~ dnorm(0, 0.01) 
 
## Hyperpriors 
# For the model of site-use 
 
mu.lpsi ~ dnorm(0,0.01) 
tau.lpsi <- pow(sd.lpsi, -2) 
sd.lpsi ~ dunif(0,6) 
 
# For the model of site-use 
 
mu.betaltheta1 ~ dnorm(0, 0.1) 
tau.betaltheta1 <- pow(sd.betaltheta1, -2) 
sd.betaltheta1 ~ dunif(0,1.5) 
mu.betaltheta2 ~ dnorm(0, 0.1) 
tau.betaltheta2 <- pow(sd.betaltheta2, -2) 
sd.betaltheta2 ~ dunif(0,2) 
mu.betaltheta3 ~ dnorm(0, 0.1) 
tau.betaltheta3 <- pow(sd.betaltheta3, -2) 
sd.betaltheta3 ~ dunif(0,2) 
 
# For the model of detection 
 
mu.betalp1 ~ dnorm(0, 0.01) 
tau.betalp1 <- pow(sd.betalp1, -2) 
sd.betalp1 ~ dunif(0,700) 
 
# Occurrence in study area j 
 
for(i in 1:n.spec) { 
  for (j in 1:n.site) { 
  z[i,j] ~ dbern(psi[i,j]) 
  logit(psi[i,j]) <- lpsi[i]  
  } 
} 
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# site-use probability at cam k 
 
for(i in 1:n.spec) { 
  for(j in 1:n.site) { 
    for(k in 1: n.cams) { 
    a[i,j,k] ~ dbern(mu.a[i,j,k]) 
    mu.a[i,j,k] <- z[i,j] * theta[i,j,k] 
    logit(theta[i,j,k]) <- ltheta[i] + betaltheta1[i] * TC[i,j,k] + betaltheta2[i] * 
WD[i,j,k] + betaltheta3[i] * HFP[i,j,k] 
    } 
  } 
} 
 
# detection probability during survey l 
 
for(i in 1:n.spec) { 
  for(j in 1:n.site) { 
    for(k in 1:n.cams) { 
      for(l in 1:n.surveys) { 
      y[i,j,k,l] ~ dbern(mu.y[i,j,k,l]) 
      mu.y[i,j,k,l] <- a[i,j,k] * p[i,j,k,l] 
      logit(p[i,j,k,l]) <- lp[i] + betalp1 * effort[i,j,k,l] 
      } 
    } 
  } 
}
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The estimations of species richness in the 64 sites across Europe with error bars showing the CRI of the estimates. Observed species richness in each site is marked with 
a red dot. 

 

Appendix 2: Comparison of observed and predicted species richness  
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Results of the mean detection probability per species from the occupancy model. 

Appendix 3: Mean detection probability per 
species   

Species Detection probability 

Martes sp. 0.08 

Common genet 0.06 

Egyptian mongoose 0.07 

Eurasian badger 0.12 

Eurasian otter 0.19 

Golden jackal 0.18 

Least weasel 0.01 

Northern raccoon 0.09 

Raccoon dog 0.10 

Red fox 0.16 

Stoat 0.04 

Western polecat 0.04 

Wild cat 0.07 
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The species-specific effects the covariates had on the detection and site-use probability in the occupancy model. Community median effect is shown as a solid red line 
and the CRI is represented by the red dashed lines. 

Appendix 4: Species-specific effects on detection and site-use probability 
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Distribution of the posterior of the effect the productivity and habitat covariates had on the species richness of small carnivores. The mean is marked with a solid red 
line and the red dashed lines represent the CRI.

Appendix 5: Distribution of posteriors of effects on species richness  
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