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Abstract
Global positioning system (GPS) technology is increasingly used to study animal behavior. However, some animals exhibit 
behaviors that may result in the failure to acquire a GPS position, such as for species with underground denning behavior. 
This creates a challenge for researchers to identify the timing of important life-history events such as birth. Here, we tested 
if information gaps arising from unsuccessful GPS positions, in connection with intrinsic and extrinsic factors, can identify 
parturition events in an underground denning species, the red fox. Using data from 30 GPS collared female red foxes during 
the approximate parturition period of 1 March–31 May, we calculated the proportion of successful GPS positions per day. 
We then compared the patterns of successful GPS positions for females of known reproductive status to those known not 
to have reproduced and a subset of females for which reproductive status was unknown. Females confirmed to have pups 
(n = 11) and two females of unknown reproductive status showed a significant difference in the proportion of successful GPS 
positions compared to females without pups, illustrating that parturition and denning activity could be identified from GPS 
data. None of the 12 subadult females were identified as denning. Parturition date, identified as the day with the lowest GPS 
fix rate within the five-day period with the lowest proportion of successful GPS positions, ranged from 20 March–14 May, 
with a mean parturition date of 12 April. We, therefore, conclude that important biological information, such as reproductive 
status and parturition dates, can be identified from patterns of missing GPS positions for some underground denning species.
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Global positioning system (GPS) technology is becoming 
an increasingly utilized tool to assess the spatial dynamics 
and behaviors of wild animals (Cagnacci et al. 2010; Hof-
man et al. 2019). However, studies utilizing GPS telemetry 

rarely achieve 100% fix success rates (Tomkiewicz et al. 
2010; Hofman et al. 2019). Missing GPS positions and sub-
sequent data loss may occur, either randomly among marked 
individuals within a population, or non-randomly leading to 
consistent patterns of missing data, relating to specific ani-
mal behaviors (Mattisson et al. 2010; Cristescu et al. 2015).

Reproductive events in mammals, such as the timing of 
birth (i.e. parturition) and the subsequent care of dependent 
young, often result in sudden changes in female movements 
and behavior (Edelhoff et al. 2016; Gurarie et al. 2016; 
Weinstein et al. 2018; Hurme et al. 2019). For instance, 
declines in movement rates or localization identified from 
GPS positioning data have been used to determine reproduc-
tive state and timing of parturition in ungulates (DeMars 
et al. 2013; Bonar et al. 2018; Cameron et al. 2018). How-
ever, for species that give birth underground, parturition 
events can limit satellite coverage, resulting in missing GPS 
positions (Tomkiewicz et al. 2010; Wiesel et al. 2019). This 
creates a challenge for researchers to identify the occurrence 
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and timing of birth using remote monitoring methods such 
as telemetry. Thus, for many species, information on par-
turition is limited or untested in wild, free-ranging popula-
tions, resulting in management actions that are incompletely 
informed (Smith et al. 2020).

Determining the timing of breeding and parturition for 
hunted or managed species is of great interest because of its 
implications for hunting regulations and species manage-
ment. Hunting seasons that overlap with the birth and den-
ning period of game species bring up ethical considerations 
regarding their appropriateness (Parker and Rosell 2001). 
This may be particularly relevant for species in highly sea-
sonal environments where the timing of reproduction may 
be temporally synchronized (Ims 1990; Aronsson 2017) 
but variable along a latitude gradient (Lloyd and Englund 
1973), whereas hunting seasons are not. Previously, methods 
for assessing mating and birth dates in many game species 
have relied on measurements of embryos from dead ani-
mals obtained from hunters and trappers (Lindström 1994; 
Kauhala 1996; Asano et al. 2003; Elmeros and Hammershøj 
2006; Kristiansen et al. 2007). However, such data is not 
available or applicable for all species and opens the door for 
applying other methods of data collection to determine the 
timing of parturition.

In this study, we assessed the occurrence and timing of 
birth in an underground denning species, the red fox Vulpes 
vulpes, by quantifying temporal variation in fix rate of GPS 
collared female foxes during their reproductive period. More 
specifically, we examined if patterns of missing GPS posi-
tions could be used to determine the parturition of foxes. 
Missing GPS positions may provide ‘information’ gaps, 
which, rather than being viewed as missing data, can poten-
tially be used to make inferences about female reproduc-
tive status, natal denning behavior and timing of parturition 
(McClintock et al. 2017). We predicted that reproductive 
status and parturition could be identified by a sudden and 
marked loss of GPS positions coinciding with the estimated 
birth period of red foxes, thereby providing a GPS data-
driven method to evaluate parturition date of underground 
denning species, such as red foxes (DeMars et al. 2013; Pic-
ardi et al. 2019).

Between 2012 and 2019, we opportunistically live cap-
tured red foxes using baited wooden box traps. Foxes cap-
tured in Sweden were then either immobilized using a mix-
ture of 2 mg/kg ketamine and 0.08 mg/kg medetomidine, 
where the medetomidine was later reversed with 0.4 mg/
kg atipamezole or with 10 mg/kg tiletamine-zolazepam, for 
which there is no reversal (Kreeger and Arnemo 2012). In 
Norway, a noose pole was used to restrain captured foxes, 
which were then processed quickly and safely without chem-
ical immobilization. Total processing time of fox removal 
from the trap to fox release at capture site was approxi-
mately 25–35 min for Sweden and 10–15 min for Norway. 

All captured foxes were sexed, weighed, aged and marked 
with plastic ear tags (Rototags, Dalton Supplies, Ltd.). We 
outfitted those foxes meeting necessary weight requirements 
(≥ 5 kg) with GPS collars (Tellus Ultralight, 210 g, Televilt, 
Inc. Lindesberg, Sweden). Age of foxes was approximated, 
assuming a birth date of 15th April (Englund 1970), as either 
pup (< 6 months), sub-adult (6 months to < 1 year) or adult 
(> 1 year), using the date of capture in combination with the 
amount of tooth wear and tooth coloration.

Fox captures occurred within three study areas in Sweden 
and Norway representing a latitudinal gradient of decreasing 
landscape productivity and human land use (Fig. S1; Walton 
et al. 2017). The southernmost study area, Kolmården, Swe-
den (~ 59° N), consists of boreonemoral forests, agricultural 
lands, and scattered human settlements. The central study 
area, Grimsö (~ 60° N) is located in south-central Sweden 
and consists of a transitional border zone between bore-
onemoral forests in the south and boreal forests in the north. 
Northern boreal forests and alpine tundra of low diversity 
and productivity characterize the northernmost study area in 
Hedmark County (~ 62° N), Norway.

In Scandinavia, red fox parturition is estimated to occur 
between mid-March and mid-May (Lloyd and Englund 
1973). We, therefore, refined our GPS data to only include 
female red foxes that were monitored during the months of 
March–May. The GPS-programming of the collars varied, 
with collars deployed before October 2015 programmed 
to take 3 positions per day with a drop-off after 270 days 
(9 months), and collars deployed after October 2015 pro-
grammed to take 6 positions per day with a drop-off after 
180 days (6 months). Additionally, three females had 14-day 
periods of intensive 10-min positioning during their standard 
monitoring.

Reproductive events were confirmed in the field for moni-
tored females either through visible pregnancy or lactation 
when captured, field visits confirming active den sites (pres-
ence of fresh prey remains and pup scats) or subsequent 
observation of pups in the field. In cases where reproduc-
tion could not be determined, we classified the female as of 
unknown reproductive status. As foxes were captured over 
multiple years, we converted date-time record to Julian day 
to enable comparison of females across all years. We then 
determined the proportion of successful GPS positions per 
day for each individual based on their expected fix rate pro-
gramming. We also binned days into five-day long periods 
starting January 1 of the Julian calendar for all foxes to 
smooth fix rate, thus reducing the effects of single days with 
low fix success rate. General fix success rate was then com-
pared using a Kruskal–Wallis chi-squared to test differences 
between females with and without pups during the estimated 
denning period(1 March–31 May). For females with pups, 
we identified the 5-day period with the largest proportion of 
missing positions. We then identified parturition date as the 



359Down a hole: missing GPS positions reveal birth dates of an underground denning species, the…

1 3

first Julian day within this period having the lowest GPS fix 
success rate. We estimated the average parturition date and 
range of parturition dates for all females with pups for the 
three different study areas. We then used a generalized linear 
model (GLM) to examine differences in parturition dates by 
study area (i.e. latitude). All analyses were preformed using 
R 3.6.0 (R Core Team 2019).

Twenty-nine female red foxes (12 subadults and 17 
adults) were monitored for a total of 30 parturition periods 
(1 March–31 May). Of these females, 45% were confirmed 
to have reproduced. Parturition events were only identified 
in adult females with no evidence of reproduction in all 12 
subadult females.

The average GPS fix rate was 0.81 ± 0.15 SD for all 
females combined from 1 March to 31 May. However, adult 

females confirmed to have pups (n = 11), as well as two 
adult females originally categorized as of unknown repro-
ductive status, showed a significantly lower proportion of 
successful GPS positions than for females without pups and 
females where pups were not confirmed (Kruskal–Wallis 
chi-squared = 19.867, p < 0.001; Table 1; Fig. 1). This con-
firmed that gaps in GPS-fix success could be used to identify 
parturition and denning seasonally (Fig. 1, Fig. S2) or annu-
ally (Fig. S3). 

The average parturition date for all red fox females was 
identified as April 12 (± 4.3 SE, range March 20–May 14) 
though local and latitudinal variation were evident (Table 2). 
Parturition date in the northern study area (Hedmark) 
occurred significantly later than in the more southern areas, 
Grimsö (GLM; β = −27.5 ± 7.7 SE, p = 0.005) and Kol-
mården (β = −37.5 ± 6.0 SE, p < 0.005; Fig. 2).

Analysis of animal movement data has primarily focused 
on understanding patterns of space use and the behavioral 
processes driving them. This study illustrates how a lack of 
data within GPS datasets can provide important biological 
information such as female reproductive status and repro-
ductive patterns. We showed that the loss of satellite signal 
associated with underground denning (Wiesel et al. 2019) 
resulted in a sudden and noticeable decline in the propor-
tion of GPS positions, coinciding with the denning period 
for red foxes. The birth and care of dependent young modi-
fies female behavior and movements, making it possible 
to draw inferences about the timing of reproductive events 
using GPS telemetry data (Hofman et al. 2019; DeMars 
et al. 2013). Under the assumption that reproducing females 
remain inside the den in the days immediately after giving 

Table 1  The mean proportion of successful GPS positions (i.e. 
GPS fix rate) and standard deviation for female red foxes monitored 
between the dates of March 1–May 31. Females of different reproduc-
tive status were categorized as adult females with pups (Pups), adult 
females without pups (No Pups), and subadult females of unknown 
reproductive status (Pups Unknown). Sample sizes of each category 
are given in parenthesis

a Includes a recaptured female with confirmed pups both years and 
two adult females that were originally classified as unknown but sub-
sequently identified as having pups

Female status GPS fix rate SD

Pups unknown (n = 12) 0.90 0.13
Pups (n = 13)a 0.70 0.31
No Pups (n = 5) 0.93 0.10

Fig. 1  The average propor-
tion of successful GPS fixes 
for female red foxes with pups 
(1, N = 13) and without pups 
(2, N = 17). Daily data are 
smoothed by binning into five-
day periods beginning January 
1. The periods shown (13–30) 
represent a date range of 1 
March–31 May, corresponding 
to the red fox denning period
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birth, we predicted that the observed patterns of data loss can 
indicate that parturition had occurred. Indeed, we found that 
this pattern was consistent amongst all reproductive females, 
here only adult females, and not evident in non-reproductive 
adult females and subadult female red foxes. It was also pos-
sible to estimate the date that parturition occurred due to a 
sudden drop in the proportion of successful positions as the 
reproducing female entered the den.

We, therefore, suggest that it is possible to use GPS fix 
rate data to infer reproductive status and parturition dates for 
underground denning species (Hofman et al. 2019). When 
a sudden behavioral change results in the failure to acquire 
a GPS position, this may create ‘information gaps’ over 
time, which, in connection with intrinsic and/or extrinsic 
factors, can contain important biological information (Heb-
blewhite and Haydon 2010). Though all foxes could show 
single days of low fix rate occasionally during monitoring, 
these were not followed by subsequent days of low success 
rates in adult females without pups or subadult females, as 
seen for adult females with pups (Fig. S3). Here, we used 
a simple binning approach to identify periods of low fix 

success alleviating the effect of the single day low fix suc-
cess rates. However, alternative statistical methods such as 
moving averages would also be applicable to filter out the 
“noise” from single day fix fluctuations and may give more 
precise estimates of parturition date. In all cases, however, 
species-specific knowledge of the target animal’s annual 
cycle and behavior are prerequisites to making inferences 
from missing data. Examining GPS fix success rates daily, 
seasonally or annually for patterns, in conjunction with 
knowledge of the species’ biology, can potentially reveal 
hidden behaviors and ecological relationships that would 
otherwise be difficult or impossible to infer from location 
data alone.

Red fox parturition dates varied between study areas, 
presumably in response to latitudinal variation in spring 
chronology. This follows the local and latitudinal variation 
in parturition date found in other areas of central and north-
ern Europe (Llyod and Englund 1973, Zapata et al. 1997; 
Cavallini and Santini 1995). The birth dates in our study 
ranged from March 20 to May 14 (Table 2). Unfortunately, 
we had small sample sizes across our different study areas 
but there were strong indications of later birth dates in the 
northern area compared to the two more southern areas. This 
fits the hypothesis of Llyod and Englund (1973) that timing 
of reproduction in the red fox is constrained by a winter 
trophic bottleneck with breeding occurring later in the north 
and earlier in the south. They found no effect of light avail-
ability or day length as contributing factors to the latitudinal 
variation in estrus and subsequent parturition, however.

Interestingly, no subadult females were determined to 
have given birth in this study. Juvenile red foxes are sexually 
mature at 8–10 months of age (Englund 1970; Harris 1979), 
and up to 48% of subadult female red foxes have been found 
to give birth their first year of life (Harris 1979; Devinish-
Nelson et al. 2013). However, this varies depending on 

Fig. 2  Date of parturition 
(predicted means with 95% 
CI) at the different study areas 
(names given with latitudes). 
Means = Hedmark May 11, 
Grimsö April 14 and Kol-
mården April 4

Table 2  The mean parturition date for 13 adult red fox females, 
defined as the day with the lowest proportion of successful GPS posi-
tions within the five-day period with the lowest GPS fix success rate 
between March 1 and May 31.  The range of parturition dates and 
sample size (N) for the different study areas and the latitude of each 
study area arranged from south to north are provided

a Mean is only estimated for the area with more than 2 birth dates

Area Latitude N Parturition date  rangea

Kolmården 58.8° 9 20 Mar–17 Apr (x̄ = 4 
Apr ± 2.6 SE)

Grimsö 59.7° 2 13 Apr–15 Apr
Hedmark 61.8° 2 9 May–14 May
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food availability, population density (Harris 1979) or social 
mechanisms (Cavallini and Santini 1995). The lack of sub-
adult reproduction in our study indicates that there are likely 
social mechanisms or resource limitations preventing breed-
ing and reproduction of this age class of female red foxes in 
our study populations.

Information on parturition is, for many species, limited 
or unknown in wild populations, resulting in management 
actions that are incompletely informed (Smith et al. 2020). 
Much of the previous information available on red fox 
reproduction was obtained through studies using hunted 
or trapped foxes where date of birth is estimated consider-
ing embryo development and a gestation period of 53 days 
(Englund 1970; Llyod 1980). Similarly, evaluating the tim-
ing of parturition of red foxes allows us to estimate the tim-
ing of other relevant life-history characteristics, particularly 
the timing of estrus and mating, by subtracting the 53 day 
gestation period from the parturition dates. Such life his-
tory information can provide a better understanding of the 
drivers of ecological relationships that would otherwise be 
difficult or impossible to infer from animal movement and 
location data alone.

Evaluation of the timing of birth in red foxes is also rel-
evant to managers and hunters regarding the most appropri-
ate times of the year to carry out hunting and management 
actions. Hunting seasons that overlap with the birth and den-
ning period of game species bring up ethical considerations 
regarding their appropriateness (Parker and Rosell 2001). 
Our results provide additional information on the timing of 
parturition of red foxes in Scandinavia and are consistent 
with the hunting season for red foxes within Sweden (Swed-
ish Environmental Protection Agency 2020). In Sweden, 
hunting ceases the 28 February in the south with stop date 
gradually increasing with latitude in two-week steps until 
ceasing April 15th in the northernmost parts of the coun-
try (Fig. 1). However, in Norway hunting is allowed until 
April 15th for the whole country (Norwegian Environment 
Agency 2017). When hunting of red foxes is allowed towards 
the end of the gestation period, ethical considerations arise 
concerning the hunting of heavily pregnant females or those 
that recently gave birth and have dependent young in the 
den. This brings up concerns as to the appropriateness of 
the hunting season and management regulations of red foxes 
(Fig. S1).

Taken together, our results indicate that the timing of 
specific behaviors, such as parturition, which changes the 
ability of GPS units to acquire a position; can be determined 
through patterns of GPS position fix rates. Our study shows 
that the GPS fix rate provides reliable data regarding when 
red fox females give birth to pups and how parturition dates 
vary with latitude. This information, in turn, is important to 

guide and align hunting seasons to mitigate orphaning pups 
when they are the youngest and most vulnerable.
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