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Abstract   
 
The relative strength of top-down and bottom-up trophic control vary depending on abiotic and 
biotic conditions. Predators occupying the highest level, such as wolf (Canis lupis) and lynx (Lynx 
lynx), have the potential to exert a negative impact mesopredators, such as the red fox (Vulpes 
Vulpes). This study investigates the population development of the fox population at Grimsö 
Wildlife Research Area in south central Sweden. The analysis was based on a dataset that spans 
over 50 years including top-down (wolf, lynx and sarcoptic mange), and bottom-up variables 
(voles (Clethrionomys glareolus and Microtus agrestics), roe deer (Capreolus capreolus) and 
hares (Lepus europaeus and Lepus timidus)) which have previously been identified to have a 
significant effect on the population dynamics of the fox. The temporal scope of this dataset 
includes the time prior to, during and post-reestablishment of wolves and lynx. The presence of 
sarcoptic mange and wolves had a significant and negative effect on the fox population. A similar 
result was not found for lynx. Nonetheless, lynx had already established in the area before wolves, 
which coincided with a decline in the fox population. This indicates that the presence of both apex 
predators has led to a negative cumulative effect on the fox population. In addition, it was 
demonstrated that voles continue to be of positive significance for foxes as this relationship remain 
strong in the absence and presence of apex predators and sarcoptic mange, however with a marked 
decrease. It is evident that the fox population is limited by both top-down and bottom up forces. 
This study is of importance in the context of biodiversity as the return of apex predators may result 
in cascading effects that benefit lower trophic levels and contribute to greater biodiversity.  
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1. Introduction  
An ecosystem can be regulated in a bottom-up or a top-down manner (Fretwall & 

Barach, 1977). These effects may also occur concomitantly within the same 

system (Elmhagen & Rushton, 2007; Hunter & Price, 1992). In predator-prey 

models such as Lotka-Volterra, both factors are a fundamental prerequisite. 

Moreover, the significance of these effects can switch in the aftermath of an event 

such as an epizootic (Wilmers et al., 2006) or due to significant changes at the top 

level e.g. presence/absence or high/low densities of apex predators (Elmhagen et 

al., 2010). Due to the dynamics inherent within food webs, changes are often 

imperceptible, and the effects may have a temporal lag (Estes et al., 2011). It is 

common that changes are only discernible after the species in question are gone 

extinct (Estes et al., 2011). 

Bottom-up regulation is principally derived from the production level, where 

resource elements act as the limiting component in the system and determine the 

structure of food webs (Fretwall & Barach, 1977). The interactions among 

species, i.e. competition, may influence biomass and the complexity of food webs 

(Power, 1992). According to ratio dependent models, there will be concomitant 

increase of biomass at all levels when productivity levels are rising (Mittelbach et 

al., 1988; Terborgh et al., 1999). This is in contrast to prey dependent models, in 

which a system that is regulated in a top-down manner, the odd levels will thrive, 

and the ones below will be regulated by the consumers above them in the 

hierarchy (Fretwell & Barach, 1977; Oksanen et al., 1981; Oksanen & Oksanen, 

2000; Terborgh et al., 1999). 

Red foxes (Vulpes vulpes, hereafter fox) are known to be affected by both top-

down and bottom-up processes (Elmhagen & Rushton, 2007; Elmhagen et al., 

2010). They are among the most widespread species of mammals worldwide 

(Lariviere & Pasitschniak-Arts, 1996). Presumably, this is due to the fact that they 

are generalists both in terms of their dietary (Lindström, 1982) and habitat 

preferences (Weber & Meia, 1996). Their presence has been documented in 

various geographical locations, ranging from alpine regions to arable land and 

urban areas with high population density showing a profound ability to 
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acclimatize to a multitude of environments (Englund, 1980; Scholz et al., 2020; 

Walton et al., 2017). Their ubiquity aligns with their status in Sweden, as they are 

found throughout the country and are classified as "least concern" according to 

the Red List (SLU Artdatabanken, n.d.).    

The primary food source of fox are voles (Clethrionomys glareolus and 

Microtus agrestis), moreover, they also consume roe deer fawns (Capreolus 

capreolus), hares (Lepus europaeus and Lepus timidus), and grouse (Lyrurus 

tetrix and Tetrao urogallus) as secondary food sources (Angelstam et al., 1985; 

Cederlund & Lindström, 1983; Lindström, 1982; Lindström et al., 1994; 

Kjellander & Nordström, 2003). Fox numbers follow the 3–4-year cycle of voles, 

which alternate between low and high numbers, and they switch to their 

alternative prey species during the voles’ low phase number (Angelstam et al., 

1985; Kjellander & Nordström, 2003; Lindström, 1983). In the northern parts of 

Sweden this relationship is stronger while in the southern parts fox populations 

tend to be more stable and density dependent (Lindström, 1994). In addition, their 

diet also consists of carcasses of inter alia herbivorous animals that have been 

killed by other predators, such as wolf (Canis lupus) and Eurasian lynx (Lynx 

lynx), or that have perished due to natural causes (Jędrzejewski et al., 1989; 

Helldin et al., 2007; Wikenros et al., 2013). 

The return of the wolf has provided species, including but not limited to foxes, 

with a continuous influx of food in the form of moose (Alces alces) and roe deer 

carcasses. Consequently, this has led to a more evenly spread of food availability, 

as opposed to previously when there was only one peak during the hunting season 

(Wikenros et al., 2013). This is a vital resource that benefits foxes predominantly 

during the spring. Research has revealed that foxes exhibit elevated rates of 

carcass consumption around April and May, indicating that it serves as a 

significant component in their diet during a pivotal phase of their life cycles as 

parturition coincides with the spring season (Wikenros et al., 2014), in which their 

dietary needs increases approximately by two-fold (Lindström 1988).  

For decades, predictions have been made that apex predators, such as the wolf 

and lynx, have a negative effect on foxes and in the event of their return to former 

areas, the ecological dynamics of foxes would be altered (Cavallini, 1996; 
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Lindström et al., 1994). In accordance with trophic cascade theory, if alterations 

in the fox population size appear due to variation in the absence or presence of 

apex predators, conclusions can be drawn that top predators are likely to have a 

strong influence on the fox population (MacArthur, 1972; Paine, 1980). This was 

evident in Sweden where it was demonstrated that after wolf and lynx declined, 

fox numbers increased, which aligns with the mesopredator release hypothesis 

(Elmhagen & Rushton, 2007). Albeit, the strength and significance of the top-

down effect was influenced by the productivity of the ecosystem. In productive 

regions, it was proven to be controlled in a top-down manner, i.e. the increase in 

population size of foxes was associated with the decline of the two apex 

predators. In contrast, in the less productive regions in the northern parts, the fox 

population was instead controlled bottom up (Elmhagen & Rushton, 2007). 

The nature of the interaction between lynx and wolf with foxes is best 

classified as intraguild predation, as the aforementioned species kills and prey 

upon on the latter (Palomares & Caro 1999). Notably, in most observed cases they 

are not consumed (Sunde et al., 1999). Intraguild predation predominantly occurs 

in instances where predators are similar in terms of body mass (Palomares & Caro 

1999). Basically, there is a lower limit in terms of body size, meaning that the 

smaller predator should be of adequate size to be viewed as a successful 

competitor, thereby reducing the apex predator’s access to key resources 

(Donadio & Buskirk 2006). Conversely, a similar upper limit also exists, 

stipulating that the smaller predator should not exceed a certain size due to the 

increased risk of mortality for the apex predator in case of confrontation.   

The mesopredor release hypothesis predicts that the absence of apex predators 

within an ecosystem gives rise to a series of ecological consequences (Soulé et al., 

1988). Specifically, it is predicted that their absence leads to numerical release for 

mesopredators, which in turn are able to increase in abundance and distribution. 

Therefore, under the absence of apex predators mesopredators are capable of 

exerting a greater level of predation pressure on their prey (Lindström et al., 1994; 

Soulé et al., 1988; Sovada et al., 1995). Extensive research has been conducted on 

the subject, yielding a range of outcomes (reviewed in Jachowski et al., 2020). 

Such findings indicate that mesopredators may exhibit divergent responses in 
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disparate systems (van Schaik et al., 2025). Another hypothesis related to 

mesopredators and apex predators is the enemy constraint hypothesis which posits 

that top-down control peaks at the core of the apex predator ranges as the density 

tends to be highest in those areas (Newsome et al., 2017). 

Winter conditions have been proven to have a negative impact on foxes as well 

as their prey (Andrén & Liberg, 2015; Bartoń & Zalewski, 2007; Kjellander & 

Nordström, 2003; Lindström, 1983; Pasanen-Mortensen et al., 2013). In terms of 

foxes, studies have shown that a low temperature may have a negative 

physiological impact (Bartoń & Zalewski, 2007; Pasanen-Mortensen et al., 2013). 

The temporal extent of snow cover has also been demonstrated to have a negative 

impact on fox density (Bartoń & Zalewski, 2007). Moreover, a high accumulation 

of snow during the winter may lead to difficulties for foxes to find prey as vole 

can benefit from these weather conditions by having an increased number of 

locations for concealment (Lindström & Hörnfeldt, 1994). Furthermore, snow 

depth also has an effect on the survival and reproduction of roe deer (Andrén & 

Liberg, 2015; Kjellander & Nordström, 2003). A correlation exists between harsh 

winters and increases in fox predation on roe deer as weak roe deer become a 

more vulnerable prey to foxes (Cederlund & Liberg, 1995; Cederlund & 

Lindström, 1983). 

The aim of this study was to explore the factors affecting the dynamics of the 

fox population at Grimsö Wildlife Research Area in south-central Sweden. A 

comprehensive dataset over a temporal span of 51 years, including both top-down 

and bottom-up variables, was utilized to analyze the system prior, during and 

post-recolonization of apex predators (wolves and lynx).  

 

Preceding the analysis, the following predictions were made: 

1) Guided by both predictions and findings from research in Scandinavia and 

worldwide (Cavallini, 1996; Elmhagen et al., 2010; Helldin, 2004; Helldin 

et al., 2006; Lindström et al., 1994; Pasanen-Mortensen et al., 2013; Sunde 

et al., 1999; Wikenros et al., 2017), I predicted that there would be a 

decrease in the fox population after the recolonization of lynx and wolves, 

and that the most significant effect would be observed following lynx 
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arrival. Building further upon this (Newsome et al., 2017; Wikenros et al., 

2017), I predicted that an increase in wolf pack size would have a 

prominent negative impact on the fox population. 

2) In accordance to research regarding winter and its negative effect on fox 

populations (Andrén & Liberg, 2015; Bartoń & Zalewski, 2007; Kjellander 

& Nordström, 2003; Lindström, 1983; Pasanen-Mortensen et al., 2013; 

Lindström & Hörnfeldt, 1994), I predicted that there would be a decrease in 

the number of fox litters after harsh winters. 

3) Given the research regarding sarcoptic mange and its effect on foxes 

(Danell & Hörnfeldt, 1987; Jarnemo & Liberg, 2005; Kjellander & 

Nordström, 2003; Lindström et al., 1994; Lindström & Mörner, 1985; 

Willebrand et al., 2022), I predicted that during the period that sarcoptic 

mange was prevalent in Grimsö Wildlife Research Area, there would be a 

decline in the fox population. 

4) Drawing upon the relationship between voles and foxes (Kjellander & 

Nordström, 2003; Lindström 1988; Lindström 1989; Lindström & Mörner, 

1985), I predicted that there would be a positive correlation between vole 

density and the fox population, and no temporal delay would be observed 

between the variables. 

5) Hare and roe deer serve as an alternative prey resource (Angelstam et al., 

1984; Cederlund & Lindström, 1983; Kjellander & Nordström, 2003) and 

previous studies have established that foxes can suppress these species 

(Aanes & Andersen, 1996; Elmhagen et al., 2010; Jarnemo & Liberg, 

2005; Lindström et al., 1994). Based on this, I predicted that there would 

be a negative correlation between the abundance of foxes and the densities 

of hares and roe deer.   

6) A system that is characterized by both bottom-up and top-down control 

should be affected by both apex predators and prey densities (Hunter & 

Price, 1992). Therefore, I predicted that there would be a positive 

correlation between the fox population size and the abundance of vole in 

the absence of apex predators and sarcoptic mange. However, when apex 
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predators and sarcoptic mange were present, there would be a decrease in 

the fox population.  

2. Materials & methods 

2.1 Study area 
Grimsö Wildlife Research Area is located in south-central Sweden (59.73° N, 

15.47° E), within the boreonemoral zone, residing in the region that has 

intermediate productivity (Lindström 1994). Topographically, the area is 

characterized by a low elevation reaching a maximum of 118 m.a.s.l (SITES, 

n.d.). It features flat ridges and large boulders (Cederlund et al., 1989). The 

landscape is defined by intensely managed forestry, with Scots pine (Pinus 

silvestris) and Norway spruce (Picea abies) as the predominant tree species, along 

with elements of birch (Betula pubescens, B. pendula) and aspen (Populus 

tremula) (Rönnegård et al., 2008). Arable land covers a small fraction of the area, 

and there is a considerable presence of bogs, mires and lakes (Kjellander et al., 

2021).  

2.2 Snow depth and temperature 
Data on snow depth (meters) and minimum temperature (Celsius) from 1973 to 

2024 were obtained from SMHI's weather station in Ställdalen. Measurements 

were made every day with some deviations when data was not available. Derived 

from this data, an average was calculated for each year by summarizing all values 

of snow depth divided by the number of days of the year based on daily 

measurements. An average of the temperature during the winter season each year 

was calculated by taking the mean of all the daily values of temperature between 

November – March (Barton & Zalewski 2007). Winter harshness was assessed 

according to the total amount of snow that fell during the year from the first day 

of fall to the last day of spring which varied every year and can be defined as a 

measure of the harshness of winter that year (Andrén & Liberg, 2015; Kjellander 

& Nordström, 2003).   
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2.3 Presence of apex predators 
The Scandinavian wolf population has a history of persecution which culminated 

in the near extinction of the population, with approximately 10 individuals left in 

1965 (Aronson & Sand, 2004; Wabakken et al., 2001). The following year, they 

were officially listed as protected, but by that time they were already considered 

to be “functionally extinct” (Wabakken et al., 2001). However, wolves from the 

Finnish-Russian population immigrated to Scandinavia, marking the beginning of 

the gradual yet consistent re-colonization of the population (Wabakken et al., 

2001). The results from the annual monitoring in 2023-2024 estimated the part of 

the Scandinavian wolf population that are in Sweden to be a total of 375 

individuals (95% CI = 296-487) (Wabakken et al., 2024).  

Minimum and maximum number of wolves were compiled from the annual 

monitoring reports (Wabakken et al., 1999; Wabakken et al., 2024), where the re-

establishment of wolves in Grimsö Wildlife ResearchArea occurred in 2003-2004 

(Wabakken et al., 2004). Territorial pairs and family groups found in Uttersberg, 

Aspafallet, Hedbyn and Mjuggsjön territories were classified as present in the 

Grimsö Wildlife Research Area. From 2010-2011, the minimum and/or maximum 

number of individuals was no longer consistently estimated in Sweden. From 

2011-2012 until 2014-2015, I used the minimum number of individuals reported, 

and from 2015-2016, I used two individuals for territorial pairs and assumed six 

individuals for family groups. In the case of multiple territories, the sum of the 

number of wolves were used. The pack size of the wolves has been estimated to 

range between a minimum of 2-9 individuals and a maximum of 2-12 individuals 

within the Grimsö Wildlife Research Area between the years 2003-2024 

(Wabakken et al., 2004; Wabakken et al., 2024). 

The Scandinavian lynx population also underwent a change within the same 

century resulting in a decrease in population size to a total of less than 100 

individuals by 1920, and receiving protection eight years later (Spong & Hellborg 

2002). The results from the annual monitoring 2023-2024 estimated the Swedish 

lynx population to be a total of 1276 individuals (95% CI = 1076-1477) (Tovmo 

& Frank 2024). The re-establishment of lynx in Grimsö Wildlife Research Area 

occurred around 1995-1996 (Andrén & Liberg, 2015).  
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2.4 Number of red fox litters and sarcoptic mange 
The monitoring program at Grimsö Wildlife Research Area provided data on the 

number of fox litters. Annual inventories of fox litters have been carried out 

during May-June since 1973 (SITES, n.d.). The methodology consists of visiting 

all known dens, and upon discovery of pup scats or carcasses it is noted as a sign 

of reproductive activity (Andrén & Liberg 2015).  

The first documented case of sarcoptic mange in Sweden occurred in 1972 and 

eight years later the fox population was severely affected nationally (Lindström & 

Mörner, 1985). The disease afflicted the population locally at Grimsö Wildlife 

Research Area between 1983-1989 which led to a reduction in the fox population 

size (Lindström et al., 1994). Although the disease may be more or less prevalent, 

it is during these years that the disease is considered to be present in this study 

whereas the years before and after it is considered to be absent (Kjellander & 

Nordström, 2003). According to bag records in Sweden, the recovery of Swedish 

fox populations is believed to have occurred during the late 1980s and early 1990s 

as there was an increase in the number of foxes being shot during this time 

(Willebrand et al., 2022). Research has later demonstrated a downward trend in 

the fox population at Grimsö Wildlife Research Area, a phenomenon that has 

been associated with the proliferation of the lynx population (Helldin et al., 2006). 

 

2.5 Hare and roe deer indices 
Pellet counts from roe deer and droppings from hares (Lepus europaeus, Lepus 

timidus) were derived from the annual inventory within the monitoring program at 

Grimsö Wildlife Research Area that was initiated in 1977 and has been carried out 

in April-May ever since (SITES, n.d.). The total number of sample sites are set 

out to be 2400 every year, however, due to the fact that some of the sites get 

damaged by wildlife and forest management, the exact number is generally a bit 

lower. The methodology of the inventory was modified in 1997, necessitating the 

need to use “method” as a factor in the statistical analyses to ascertain that the 

results were not influenced and skewed due to the use of different methods. The 

index used to test the effect of roe deer and hare was the number of pellet 
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counts/droppings per area measured at 10 m2.  

 

2.6 Vole density 
The estimation of vole density was derived from the spring index for bank vole 

and field vole trapped in snap traps over a period of 100 nights from the 

monitoring program within Grimsö Wildlife Research Area (SITES, n.d.). 

Approximately 950 traps distributed over 20 sampling sites covering 1 hectare 

have been set out every year for three nights in spring and fall at Grimsö Wildlife 

Research Area since 1973 (Andrén & Liberg, 2015; Kjellander & Nordström, 

2003). 

 

3.7 Statistical analysis  
The initial step was to investigate the autocorrelation in order to determine if the 

number of fox litters are connected to previous years i.e. if time revealed a pattern 

in the population dynamics of fox. A lagged value for year t-1 was created using 

the package dplyr, and the correlation with the current year t was calculated. The 

function cor.test () was applied to test for statistical significance (P). 

The model type used was a generalized linear model (GLM) with a Poisson 

distribution and logarithmic link function with the number of fox litters as the 

response variable and 11 predictor variables (listed in Table 1). Three datasets 

were created to perform the analysis, the first one contained data on the variables 

from the time period 1973-2024. However, in 1973, vole density exhibited an 

extreme value and was therefore excluded from the analysis after it was 

confirmed that it did not affect the result. I tested nine different models where 

vole density and sarcoptic mange were included in all the models in the complete 

dataset except for the null model. Three different indices for winter related to 

snow depth, temperature, and harshness were included in separate models in 

combination with vole density and sarcoptic mange. The presence of lynx and 

wolf were included in separate and combined models. Furthermore, a model that 

included the interaction between vole density and mange, as well as between wolf 

and mange was added. The rationale behind the exclusion of lynx in the 

interaction model was because this predictor variable showed no significant effect 



   
 

18  
  

when all the variables were analyzed separately prior to creating the three 

datasets. See Table 2 for the different models that were tested. 

In the aforementioned dataset, the predictor variables roe deer and hare density 

were not available during the first four years prior to 1977. Hence, the creation of 

a subset of data ranging between 1977-2024 was necessary. The winter variables 

were excluded in this dataset as well as the presence of lynx as those predictors 

were not important when analyzing the complete dataset (1974-2024). See Table 

3 for the different models that were tested. 

A third dataset was created to analyze the effect of wolf pack size. In addition 

to the null model, vole density was tested separately and in combination with the 

maximum number of wolf individuals per monitoring season (see Table 4). The 

models were compared using Akaike information criterion corrected for small 

sample sizes (AICc). The analysis was performed with RStudio version 4.3.1 

(Posit Team, 2023). 

 
Table 1. Overview of the dataset used in the analysis of the effect of top-down and 
bottom-up variables on fox litters at Grimsö Wildlife Research Area. The temporal span 
during which the data for the different predictor variables was available and used 
(ranging between 1974-2024) is listed. The type of data used and its source are listed as 
well. 
Time period Data type Predictor variable Source 
1974 - 2024 Numeric Vole density Monitoring program 

within SITES 
1974 - 2024 Numeric Winter harshness SMHI weather station in 

Ställdalen  
1974 - 2024 Numeric 

 
Snow depth SMHI weather station in 

Ställdalen  
1974 - 2024 Numeric 

 
Minimum temperature  SMHI weather station in 

Ställdalen  
1977 – 2024 Numeric 

 
Roe deer density (mean no. 
of pellet counts 

Monitoring program 
within SITES 

1977 – 2024 Numeric 
 

Hare density (mean no. of 
droppings)  

Monitoring program 
within SITES 

1977 – 2024 Factor 
(New/Old) 

Inventory method Monitoring program 
within SITES 

1983 – 1989 Factor (1/0) Sarcoptic mange 
(presence/absence) 

Monitoring program 
within SITES 

1995 – 2024 Factor (1/0) Lynx (presence/absence) Annual monitoring 
reports  

2004-2024 Factor (1/0) Wolf (presence/absence) Annual monitoring 
reports  
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2004-2024 Numeric Wolf pack size Annual monitoring 
reports 

 
 

Table 2. The selection of models based on the complete dataset (1974 – 2024) with top-
down and bottom-up variables to test the effect on the fox population at Grimsö Wildlife 
Research Area. A total of nine models were chosen with the inclusion of vole density in 
all models and sarcoptic mange in eight out of nine models. The presence of lynx and 
wolf are included in separate models as well as combined. Snow depth, temperature and 
winter harshness are included in separate models and in combination with vole and 
sarcoptic mange. 
Models Predictor variables 
Model 0 Null 
Model 1 vole 
Model 2 vole + mange 
Model 3 vole + mange + wolf 
Model 4 vole + mange + lynx 
Model 5 vole + mange + wolf + lynx 
Model 6 vole + mange + snow depth 
Model 7 vole + mange + winter harshness 
Model 8 vole + mange + winter temperature 
Modell 9 vole + mange + wolf + vole * mange + vole * wolf 

 

Table 3. The selection of models based on the subset of data (1977 - 2024) to test the 
effect of top-down and bottom-up variables on the fox population at Grimsö Wildlife 
Research Area with a total of five models, with the inclusion of vole and sarcoptic mange 
in all models. The effects of roe deer and hare densities are included in this dataset. The 
inventory was initiated in 1977, therefore these variables were not available in the 
complete dataset.  
Models Predictor variables 
Model 0 Null 
Model 1 vole + mange + roe deer + method 
Model 2 vole + mange + hare + method 
Model 3 vole + mange + wolf 
Model 4 vole + mange + wolf + roe deer + method 
Model 5 vole + mange + wolf + hare + method 
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Table 4. The selection of models to test the effect of wolf pack size (2004 – 2024) on the 
fox population at Grimsö Wildlife Research Area with a total of two models with the 
inclusion of vole in both models. The re-establishment of wolves occurred in 2003-2004, 
therefore the variable was not available in the other two datasets.  
Models Predictor variables 
Model 0 Null 
Model 1 vole 
Model 2 vole + pack size 

 

 

3. Results 
From 1973-2024, the number of fox litters ranged between 1 to 10 (Appendix 1; 

Figure 1). In 1973-1982, before the presence of sarcoptic mange and apex 

predators, the mean number of fox litters was 6.6. During the years in which 

sarcoptic mange afflicted the fox population (1983-1989), the mean number of 

fox litters was 3.6. The lowest value, which was one litter, is concurrent with this 

period. After the reestablishment of apex predators (1995-2024), the mean 

number of fox litters was 5.3. These events are depicted in Figure 2 and 3. 
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Figure 1. An overview of the number of fox litters observed over the period of 1973-2024 

at Grimsö Wildlife Research Area in the upper graph. The lower graph depicts the 

annual index of voles during the period of 1973-2024 at Grimsö Wildlife Research Area 

showcasing the cyclicality of voles.  
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Figure 2. An overview of the number of fox litters during the time period 1973-2024 with 
three distinct events highlighted. Between the years 1983-1989, sarcoptic mange affected 
the fox population at Grimsö Wildlife Research Area and the period is depicted with a 
green shade. In 1995/1996, lynx recolonized Grimsö Wildlife Research Area, which is 
marked blue until 2003/2004 when the recolonization of wolves occurred, which is 
marked with pink and blocks out the blue color. Both of the apex predators are present at 
Grimsö Wildlife Research Area until the end of the study period (2024). 
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Figure 3. Scatterplot from a multiple regression with three lines describing the 
relationship between the number of fox litters and vole density during spring at Grimsö 
Wildlife Research Area in the years 1974-2024 during three different conditions. The 
green line and triangles represent when neither sarcoptic mange nor wolves were present 
in the area. The blue line and squares reflect the period between 2004-2024 when wolves 
are present. The red line and circles correspond to when sarcoptic mange was present, 
spanning from 1983-1989. 

 

3.1 No random variation in fox litters 

The autocorrelation analysis showed no correlation between fox litters year t and 

t-1 (r = 0.14, df = 48, p = 0.34) (Figure 4).   
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Figure 4. The correlation between fox litters year t and t-1 between the years 1973-2024 
at Grimsö Wildlife Research Area. 

 

3.2 Impact of top-down and bottom-up factors 
The highest-ranking model in the complete dataset (1974-2024) included the 

variables vole density, sarcoptic mange, and wolf (Table 5). The presence of 

sarcoptic mange and wolf had a negative influence on the fox population, with 

sarcoptic mange being the predictor variable yielding the strongest slope (Table 6; 

Figure 5). The positive relationship between vole density and fox litters was 

almost statistically significant (p = 0.055). 
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Table 5. Generalized linear model on the complete dataset to test the correlation of top-

down and bottom-up predictor variables on the fox population at Grimsö Wildlife 

Research Area during the years 1974-2024. Displaying all models that were tested 

including the null model. 

Models  AICc ΔAICc df wi 

vole + mange + wolf 216.6 0.0 4 0.6336 

vole + mange + lynx + wolf 219.0 2.4 5 0.1893 

vole + mange + wolf + vole * mange + 

vole * wolf 

220.4 3.9 6 0.0916 

vole + mange + lynx 222.3 5.7 4 0.0360 

vole + mange 223.4 6.9 3 0.0204 

vole + mange + winter temperature 224.8 8.3 4 0.0102 

vole + mange + winter harshness  225.6 9.0 4 0.0069 

vole + mange + snow depth 225.7 9.1 4 0.0066 

null  227.3 10.7 1 0.0030 

vole 227.9 11.3 2 0.0022 

 

Table 6. Estimate, standard error, Z value and p value for the highest-ranking model in 
the complete dataset, which incorporated top-down and bottom-up variables, to test the 
correlation of different predictor variables on the fox population at Grimsö Wildlife 
Research Area during the years 1974-2024. 

Parameter Estimate Std. Error Z value Pr (>|z|) 

intercept 1.81 0.0991 18.2 < 0.0001 

vole 0.141 0.0735 1.92 0.055 

mange -0.684 0.217 -3.16 0.0016 ** 

wolf -0.389 0.129 -3.01 0.0027 ** 
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Figure 5. Line plots showing the correlation between the number of fox litters in relation 
to predictor variables at Grimsö Wildlife Research Area from the best model with the 
complete dataset between the years 1974-2024. The presence of sarcoptic mange and 
wolf had a significant negative effect. Vole density demonstrated a positive correlation 
with fox litters, almost attaining a statistically significant result. The blue shaded area 
highlights the confidence interval.  

 

3.3 Impact of alternative prey 
In the subset of the data from 1977, the model that attained the highest rank 

included the predictor variables vole, sarcoptic mange, and wolf presence on the 

number of fox litters (Table 7). Vole density had a significant positive correlation, 

in contrast to the presence of sarcoptic mange and wolf that had a significant 

negative effect (Table 8; Figure 6). There was no significant correlation between 

the number of fox litters and with hare and roe deer density indexes. 
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Table 7. Generalized linear model on the subset of data to test the correlation of top-
down and bottom-up variables on the fox population at Grimsö Wildlife Research Area 
during the years 1977-2024. Displaying all models that were tested including the null 
model. 

Models  AICc ΔAICc df wi 

vole + mange + wolf  204.0 0.0 5 0.737 

vole + mange + wolf + hare + method 206.7 2.7 7 0.187 

vole + mange + wolf + roe deer + method 209.2 5.3 7 0.052 

vole + mange + hare + method 212.3 8.3 6 0.011 

vole + mange + roe deer + method 212.4 8.4 6 0.011 

null  217.4 13.4 2 <0.001 

 

Table 8. Estimate, standard error, T value and p value for the highest-ranking model on 
the subset of data, which incorporated top-down and bottom-up variables, to test the 
correlation of different predictor variables on the fox population at Grimsö Wildlife 
Research Area during the years 1977-2024. 

Parameter Estimate Std. Error T value Pr (>|z|) 

intercept 1.804 0.0901 20.0 < 0.0001 

vole  0.178 0.0692 2.57 0.014 * 

mange -0.748 0.158 -4.73 < 0.0001*** 

wolf  -0.424 0.114 -3.73 0.00055 *** 
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Figure 6. Line plots displaying the effect of predictor variables on the number of fox 
litters at Grimsö Wildlife Research Area from the best model using the subset of data 
between the years 1977-2024 including density of roe deer and hares, as the inventory of 
roe deer and hare was initiated in 1977 and those variables are therefore excluded from 
the complete dataset. The effect of vole density had a significant positive effect on fox 
litters, whereas the presence of sarcoptic mange and wolf had a significant negative 
effect. The blue shaded area highlights the confidence interval. 

 

3.4 The impact of wolf pack size 
The effect of wolf pack size did not influence the number of fox litters as it is the 

lowest ranking model out of the subset of data with no significant effect (Table 9, 

Figure 7). The estimate for vole in that model was 0.184, and the p-value was 

0.16.  

Table 9. Generalized linear model on the subset of data including wolf pack size during 
the years 2004-2023 at Grimsö Wildlife Research Area. The estimate for the null model 
was 1.56, std. error = 0.100, z value 15.6, p < 0.001. 

Models  AICc ΔAICc df wi 

null  88.0 0.0 1 0.51 

vole  88.5 0.6 2 0.39 

vole + pack size 91.2 3.2 3 0.10 
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Figure 7. Line plots depicting the correlation between the number of fox litters in relation 
to vole density and wolf pack size at Grimsö Wildlife Research Area between the years 
2004-2024. There was no significant correlation between fox litters and the 
aforementioned predictor variables. The blue shaded area highlights the confidence 
interval.  

 

4. Discussion 

4.1 Both top-down and bottom-up effects regulate fox 

density 

 

The lack of autocorrelation indicates that other factors than previous year litter 

size are influencing the fox population in the Grimsö Wildlife Research Area as it 

is evident that a year with high number of litters not necessarily resulted in a high 

number the following year. 

Through the analysis of long-term data collected over a period of five decades, 

I showed that the presence of sarcoptic mange and wolves has a negative 
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influence on the fox population. These findings aligned with prediction 1 as well 

as research regarding the top-down effect apex predators exert on mesopredators 

(Cavallini, 1996; Elmhagen et al., 2010; Helldin, 2004; Helldin et al., 2006; 

Pasanen-Mortensen et al., 2013; Sunde et al., 1999; Wikenros et al., 2017). 

However, the wolf pack size did not have a significant effect on the fox 

population, as resulting from an analysis of a restricted dataset as supported by 

existing literature on the matter (Newsome et al., 2017; Wikenros et al., 2017). 

This may be due to that detailed information about wolf pack size within the study 

area was not available. Previous studies have demonstrated that the density of 

apex predators typically has an impact on the fox population (Newsome et al., 

2017; Stephenson et al., 1991; reviewed in Ritchie & Johnson, 2009; Wikenros et 

al., 2017). In another study in Sweden, Wikenros et al., (2017) found that there 

was a negative correlation between fox abundance and wolf pack size. In addition, 

the magnitude of this phenomenon was most prominent two years after the 

establishment of wolf packs. However, they found no correlation between fox 

abundance and wolf occurrence at a landscape scale.  

In Alaska, Stephenson et al., (1991) posited that when lynx reaches high 

density, they can suppress foxes. My study did not find a negative relationship 

between the presence of lynx and the fox population, which stands in contrast to 

my prediction regarding that the greatest impact from apex predators would come 

from lynx. A multitude of studies have consistently demonstrated a negative 

relationship between the two species in question (Elmhagen & Rushton, 2007; 

Elmhagen et al., 2010; Helldin et al., 2006; Helldin, 2004; Stephenson et al., 

1991). At Grimsö Wildlife Research Area, Helldin et al., (2006) demonstrated 

that in the aftermath of the establishment of lynx, there was a decline in the 

number of fox litters and observations of foxes. Notably, this decline occurred 

before the establishment of wolves which is also evident in this study (see Figure 

2). Intraguild predation was confirmed through radio tracking of foxes and snow 

tracking of lynx, and the predation appeared to be additive to some degree 

(Helldin et al., 2006). The methods used in this study versus Helldin et al., (2006) 

are not directly comparable due to temporal differences and the type of data used. 

Specifically, I analyzed the direct relationship between variables, while Helldin et 
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al., (2006) incorporated a time lag. Hence, the discrepancy in results may be 

explained by this factor. Also, there is a temporal overlap between the presence of 

lynx and wolves in the study area, and therefore it is valid to postulate that the 

cumulative effect of both predators may have contributed to the decline of the fox 

population.  

In the analysis, there were three predictor variables connected to winter: 

temperature, snow depth and winter harshness. None of them had a significant 

effect on the fox population, which contradicts prediction 2. However, winter has 

been shown to be one of the major factors influencing the density of fox 

populations in Eurasia (reviewed in Barton & Zalewski 2007). The lack of effect 

in this present study may be due to the spatial scale, as it was conducted at a local 

level. In contrast, the review by Barton & Zalewski (2007) included studies that 

covered an extensive geographical range. 

There was a positive correlation between vole density and the fox population, 

thus supporting prediction 4. In literature, this relationship is well-documented 

(Kjellander & Nordström, 2003; Lindström 1988; Lindström & Mörner, 1985). 

Specifically, the mean litter size of the red fox has been attributed to vole density 

(Englund 1970; Lindström 1988). 

There was no evidence that suggests a negative correlation between increased 

fox density and the density of hares and roe deer, which contrasts with prediction 

5. Lindström et al., (1994) demonstrated that during the years that sarcoptic 

mange was prevalent in the Grimsö Wildlife Research Area, mountain hares 

increased up to 100%. Indeed, subsequent to the recovery of the fox population, 

the hare population decreased. Moreover, roe deer fawns have shown to be 

vulnerable to predation from foxes (Aanes & Andersen, 1996; Cederlund & 

Lindström, 1983; Jarnemo & Liberg, 2005), especially when the abundance of 

vole is low (Kjellander & Nordström, 2003). A possible cause for the 

imperceptible effect on prey species in this study may be because of the temporal 

delay between the fox population and the level of predation pressure on roe deer 

fawns (Kjellander & Nordström, 2003), which was not included in this study. In 

addition, the lack of effect could be due to the selected index for roe deer which 
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was mean number of pellet piles per year. An index based on roe deer fawns may 

have yielded different results, as red fox primarily targets fawns rather than adults 

(Cederlund & Lindström, 1983). 

Concerning the matter of whether bottom-up, top-down or both bottom-up and 

top-down factors influences the fox population, the results are in agreement with a 

combination of both factors. As indicated in Figure 3, the relationship between the 

fox population and vole density followed the same pattern in the absence and 

presence of apex predators and sarcoptic mange, however with a marked decrease 

in the number of fox litters. These observations suggest that the fox population is 

constrained by both bottom-up (vole) and top-down (wolves, mange) factors in 

accordance with prediction 8.  

 

4.2 Strengths and weaknesses 
This study had strengths in the form of access to long-term data on apex 

predators, mesopredator and its prey which is noteworthy for its rarity (Beschta & 

Ripple, 2009; Richie & Johnson). Furthermore, the time period during this study 

included data prior, concurrent and subsequent to apex predators' presence which 

could be viewed as a "semi-natural experiment” which may facilitate more precise 

discernment of effects (Cavallini, 1996; Estes et al., 2011).  

The approach to include variables that represented top-down and bottom-up 

processes offered a distinct advantage, given these processes’ ability to shape the 

structure of ecosystems. To exclude one of these processes would have led to an 

incomplete understanding of the comprehensive dynamics of ecosystems (Richie 

& Johnson 2009). A notable weakness in this study was the decision to not 

include arable land as a variable in the analysis, which have been recognized to be 

a pivotal factor influencing fox abundance (Wikenros et al., 2017). The rationale 

behind this was due to the small fraction of arable land in the study area and the 

knowledge that there has been negligible change during the years.  

The use of direct relationship between the variables is comparatively simple to 

the methodology of incorporating a time lag and was proven to be sufficient to 
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demonstrate that there is a correlation between top-down and bottom-up variables 

and the number of fox litters at Grimsö Wildlife Research Area.  

However, the findings of previous studies that utilized parts of the same dataset 

and demonstrated a significant correlation between roe deer and hare density as 

well as the presence of lynx underscores the importance to incorporate a time lag. 

No data on the density of lynx in Grimsö Wildlife Research Area was available 

in addition to the lack of density data for wolves within the study area. Access to 

detailed density data of both the apex predators would have improved the study.  

The present study is confined to a single study area, however, due to the rarity 

of the time series, it provides unique results. 

 

4.3 Future studies 
A species that merits further research in relation to the dynamics of the red fox is 

the pine marten. During the sarcoptic mange outbreak, the pine marten population 

grew which has been linked to the decrease of foxes (Lindström et al., 1994; 

Storch et al., 1990). 

As previously stated in regard to fox predation on roe deer, future studies 

would do well to incorporate a time lag when testing for a density correlation 

between the two species. The reduction in the roe deer population is anticipated to 

occur in the subsequent years following a decline in vole density as a result of 

prey switching by foxes from voles to roe deer fawns. Another refinement would 

be to change the response variable from fox to roe deer and for predictor variables 

have vole, snow depth and harvest with the inclusion of a time lag. It is plausible 

to hypothesize that this would lead to an indirect positive effect on the number of 

fox litters. A comparable result may be observed by using hare density as 

response variable and for predictor variables have vole, lynx and grouse also with 

the inclusion of a time lag. 

Detailed data on the density of wolf and lynx offers the opportunity to test the 

enemy constraint hypothesis. Testing the validity of this relationship between 

these species would offer valuable insight on their ecological dynamics. In 

addition, individual characteristics of wolves may be of value to include as 

predictor variables such as age and gender as this has been proven to matter when 
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it comes to hunting success on moose. Older male wolves have much higher 

hunting success than younger male wolves, whereas the same conclusions could 

not be drawn for female age (Sand et al., 2006). 

 

5. Conclusion 
To conclude, the findings of this study showed that sarcoptic mange exerted a 

substantial negative impact on the fox population at Grimsö Wildlife Research 

Area during its prevalence in the 1980s. Moreover, it was shown that voles 

remain to be a beneficial food resource for foxes. There is also strong indication 

that the most significant negative impact from apex predators stems from the 

presence of wolves, which has received less empirical validation in extant 

research. However, lynx most likely lowered the fox population when establishing 

before wolves where the latter kept the fox population at a lower level. To 

confirm this, a time lag should have been considered in the analysis. Thus, the fox 

population is limited by both bottom-up and top-down forces. The findings from 

this study may be valuable from a conservation point of view as the return of apex 

predators may result in cascading effects that benefit lower trophic levels, 

potentially promoting biodiversity (Palomares & Caro 1998). Future studies on 

fox decline should therefore consider sarcoptic mange, the presence of apex 

predators, and vole density as influential factors for fox populations. 
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Popular science summary 
The red fox is among the most widespread species of mammals worldwide and 

they are found throughout Sweden. However, the population at Grimsö Wildlife 

Research Area in Bergslagen, has declined during the last decades. 

The return of wolf and lynx in the area have contributed to the decline. Scabies 

also have an important role in their survival. Small rodents continue to be a 

significant food source, as their peak seasons coincides with periods when the fox 

population is also high. This indicates that access to this food source boosts the 

growth of the fox population. However, the correlation is weaker when top 

predators are in the area. This indicates that top predators affect how well the fox 

can utilize their prey. 

The study shows that the fox population at Grimsö Wildlife Research Area is 

limited by forces above, in the form of top predators and disease, and below 

through the access of prey. This population is an example of how multiple 

ecological forces can occur at the same time in nature. 

Understanding these interactions is important, as the return of large predators can 

create cascading effects in the ecosystem and contribute to greater biodiversity.  
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6. Appendix 1  
Data on estimates of population densities of red fox, vole, roe deer and mountain 

hare used in this study are presented herein, as well as the pack size of wolves and 

the presence/absence of wolf, lynx and sarcoptic mange in Grimsö Wildlife 

Research Area during the period 1973–2024. Furthermore, data on snow depth 

and winter temperature from SMHI’s weather station in Ställdalen are provided in 

meters and Celsius. 

Year Fox litter Wolf 

presence 

Wolf 

individuals 

min 

Wolf 

individuals 

max 

Lynx 

presence 

Vole index 

spring 

1973 9 0 0 0 0 5.67 

1974 8 0 0 0 0 2.7 

1975 5 0 0 0 0 0.35 

1976 8 0 0 0 0 1.14 

1977 9 0 0 0 0 2.62 

1978 4 0 0 0 0 1.2 

1979 9 0 0 0 0 0.46 

1980 6 0 0 0 0 1.56 

1981 5 0 0 0 0 0.14 

1982 3 0 0 0 0 0.04 

1983 4 0 0 0 0 0.39 

1984 5 0 0 0 0 1.99 

1985 2 0 0 0 0 0.07 

1986 1 0 0 0 0 0.00 

1987 5 0 0 0 0 0.95 

1988 5 0 0 0 0 2.95 

1989 3 0 0 0 0 0.54 

1990 8 0 0 0 0 0.75 

1991 7 0 0 0 0 0.59 

1992 8 0 0 0 0 0.04 

1993 8 0 0 0 0 0.18 

1994 8 0 0 0 0 0.46 

1995 4 0 0 0 1 0.1 
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1996 9 0 0 0 1 0.00 

1997 10 0 0 0 1 0.18 

1998 7 0 0 0 1 0.82 

1999 7 0 0 0 1 1.01 

2000 6 0 0 0 1 0.5 

2001 8 0 0 0 1 0.49 

2002 4 0 0 0 1 0.81 

2003 5 0 0 0 1 0.32 

2004 4 1 2 2 1 0.25 

2005 6 1 5 6 1 1.51 

2006 6 1 9 9 1 0.78 

2007 4 1 4 6 1 0.14 

2008 5 1 2 2 1 0.25 

2009 3 1 4 5 1 0.49 

2010 8 1 2 2 1 1.23 

2011 3 1 2 2 1 0.9 

2012 5 1 3 6 1 0.2 

2013 5 1 4 6 1 0.87 

2014 9 1 6 8 1 2.6 

2015 2 1 7 12 1 0.47 

2016 3 1 2 2 1 0.57 

2017 5 1 6 6 1 2.67 

2018 4 1 6 6 1 1.47 

2019 5 1 6 6 1 0.33 

2020 4 1 6 6 1 1.57 

2021 3 1 6 6 1 2.03 

2022 6 1 6 6 1 0.46 

2023 2 1 6 6 1 0.47 

2024 8 1 6 6 1 1.00 
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Year Roe deer 

pellet mean 

no pellet piles 

Roe deer % 

plots with 

pellet piles 

Hare pellet 

mean no pellet 

piles 

Hare % plots 

with 

droppings 

Inventory 

method 

1973 N/A N/A N/A N/A N/A 

1974 N/A N/A N/A N/A N/A 

1975 N/A N/A N/A N/A N/A 

1976 N/A N/A N/A N/A N/A 

1977 0.137 10.3 0.890 30.6 Old 

1978 0.221 14.7 2.840 40.3 Old 

1979 0.234 16.00 1.846 31.7 Old 

1980 0.199 12.7 1.099 16.0 Old 

1981 0.202 13.9 0.689 14.1 Old 

1982 0.314 20.9 1.551 24.1 Old 

1983 0.521 27.4 1.575 25.0 Old 

1984 0.438 23.5 3.015 41.8 Old 

1985 0.356 24.8 5.332 58.6 Old 

1986 0.309 20.1 3.761 55.8 Old 

1987 0.215 12.7 3.100 40.8 Old 

1988 0.266 18.5 5.407 63.2 Old 

1989 0.365 21.5 4.693 48.1 Old 

1990 0.313 17.1 2.003 34.0 Old 

1991 0.344 24.3 0.367 25.1 Old 

1992 0.281 22.9 0.978 15.6 Old 

1993 0.295 24.2 0.651 9.8 Old 

1994 0.16 12.00 0.540 8.0 Old 

1995 0.37 24.6 0.640 10.2 Old 

1996 0.327 23.8 0.565 9.6 Old 

1997 0.123 10.1 0.575 7.1 New 

1998 0.165 13.5 0.374 8.1 New 

1999 0.161 12.2 0.992 11.2 New 

2000 0.106 8.8 0.752 8.4 New 

2001 0.115 8.4 0.482 5.6 New 

2002 0.133 9.5 0.718 9.5 New 

2003 0.118 8.7 1.060 15.9 New 

2004 0.122 8.9 1.220 17.4 New 
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2005 0.106 8.2 0.660 10.9 New 

2006 0.095 7.5 0.859 10.8 New 

2007 0.053 4.2 0.919 9.9 New 

2008 0.076 5.5 0.691 7.7 New 

2009 0.100 7.9 0.832 9.4 New 

2010 0.055 4.3 0.624 6.7 New 

2011 0.049 3.6 0.563 8.8 New 

2012 0.032 3.2 0.576 5.6 New 

2013 0.035 2.8 0.418 5.9 New 

2014 0.023 2.1 0.261 3.3 New 

2015 0.055 4.2 0.333 4.1 New 

2016 0.033 2.2 0.201 2.0 New 

2017 0.068 2.8 0.096 1.7 New 

2018 0.037 2.4 0.246 2.2 New 

2019 0.073 3.5 0.200 1.7 New 

2020 0.063 5.1 0.446 3.1 New 

2021 0.058 3.8 0.227 2.0 New 

2022 0.074 4.6 0.232 2.6 New 

2023 0.064 2.3 0.142 2.4 New 

2024 0.052 3.2 0.049 1.0 New 
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Year Sarcoptic mange Winter harshness Snow depth 

yearly mean 

Winter season 

average degree 

1973 0 11.61 0.174 1.33 

1974 0 18.91 0.0577 -0.359 

1975 0 16.28 0.108 0.634 

1976 0 10.99 0.136 -1.18 

1977 0 92.01 0.557 -0.969 

1978 0 47.06 0.278 -0.978 

1979 0 45.68 0.276 -1.78 

1980 0 36.59 0.260 -1.13 

1981 0 22.76 0.193 -1.11 

1982 0 77.8 0.451 -1.42 

1983 1 18.59 0.0739 1.00 

1984 1 48.9 0.136 0.0393 

1985 1 43.36 0.141 -0.874 

1986 1 52.5 0.140 -1.95 

1987 1 46.22 0.120 -1.37 

1988 1 33.8 0.113 0.844 

1989 1 10.46 0.0136 1.16 

1990 0 5.49 0.0124 1.91 

1991 0 19.98 0.0520 1.34 

1992 0 4.04 0.0150 1.90 

1993 0 5.84 0.0269 1.01 

1994 0 47.34 0.120 0.0206 

1995 0 26.38 0.0748 1.67 

1996 0 14.46 0.0456 -0.382 

1997 0 8.01 0.0272 1.34 

1998 0 13.14 0.0539 1.19 

1999 0 17.84 0.0621 1.65 

2000 0 10.75 0.0646 2.56 

2001 0 12.55 0.135 1.78 

2002 0 17.08 0.175 0.827 

2003 0 26.2 0.122 0.0432 

2004 0 25.56 0.223 1.30 

2005 0 15.83 0.118 1.22 
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2006 0 49.37 0.359 1.72 

2007 0 13.8 0.123 2.18 

2008 0 8.53 0.0937 2.14 

2009 0 28.99 0.225 1.45 

2010 0 54.58 0.259 0.488 

2011 0 64.41 0.186 0.633 

2012 0 14.26 0.0570 1.78 

2013 0 39.72 0.0976 0.714 

2014 0 13.2 0.0406 2.87 

2015 0 19.5 0.0624 2.07 

2016 0 7.56 0.0331 2.08 

2017 0 13.28 0.0489 1.39 

2018 0 44.62 0.141 1.45 

2019 0 33.26 0.0946 1.71 

2020 0 2.86 0.00402 2.72 

2021 0 14.31 0.0419 2.36 

2022 0 9.74 0.0335 1.62 

2023 0 13.5 0.0468 1.49 

2024 0 42.51 0.119 1.20 
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