Landscape Ecol (2021) 36:2673-2689
https://doi.org/10.1007/s10980-021-01263-1

)

Check for
updates

RESEARCH ARTICLE

Cumulative effects of infrastructure and human
disturbance: a case study with reindeer

Sindre Eftestgl - Diress Tsegaye

- Kjetil Flydal - Jonathan E. Colman

Received: 17 August 2020/ Accepted: 18 May 2021/ Published online: 31 May 2021

© The Author(s) 2021

Abstract

Context Within Rangifer ranges, many studies focus
on expanding infrastructure and human activity neg-
atively influencing habitat use. Little documentation
exists on how disturbances act in synergy (i.e.
cumulative effects), nor methods to test such effects.
Objectives (1) Investigate how cumulative distur-
bance at different distances affects reindeer habitat use
and (2) at what disturbance levels and distances loss of
habitat functionality occurs.

Methods Disturbance intensity levels for trails and
infrastructure were based on expected amount of
human activity, on a scale from 1 to 6. To test
cumulative disturbance, we adapted the multi-grain
method and summed-up disturbance intensity levels
within “disturbance distance intervals” (0-0.25,
0.25-1, 1-2 km, etc. instead of 0-0.25, 0-1, 0-2 km,

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
$10980-021-01263-1.

S. Eftestgl - D. Tsegaye (D<) - K. Flydal - J. E. Colman
Department of Biosciences, Centre for Ecological &
Evolutionary Synthesis (CEES), University of Oslo,
Blindern, P.O. Box 1066, 0316 Oslo, Norway

e-mail: d.t.alemu@ibv.uio.no

S. Eftestgl - D. Tsegaye - J. E. Colman

Faculty of Environmental Sciences and Natural Resource
Management, Norwegian University of Life Sciences,
P.O. Box 5003, 1432 As, Norway

etc.), and tested reindeers’ avoidance using GPS data
for 2011-2018.

Results We found decreased habitat use within
0.25 km with increasing cumulative disturbance for
snow free and winter seasons. For spring, a similar
effect occurred up to 1 km. Reductions in use in areas
with highest cumulative disturbance within these
zones were between 92 and 98%. Strongest avoidance
during spring supports previous studies. Compara-
tively, the multi-grain approach showed negative
effects up to 3 km.

Conclusions Our approach provides novel results
and precisely estimates where cumulative effects
actually occur. Reindeer in our study tolerate low
intensities of human disturbance, while further
increase in disturbance intensity reduces habitat
functionality. We suggest clustering future human
developments within areas of high disturbance, i.e.
where functional habitat use is already lost or highly
reduced. Our method can be used for other areas and
species.

Keywords Habitat use - Avoidance - Cumulative

effects - Disturbance intensity - Habitat loss - Rangifer
tarandus
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Introduction

Cumulative anthropogenic disturbance may affect
home ranges and habitat functionality for wildlife
(Theobald et al. 1997; Shackelford et al. 2018),
possibly displacing the animals from important areas.
Intensified human development in the northern hemi-
sphere is a concern for future management of reindeer
and caribou (Rangifer tarandus), a species known to
avoid disturbances at relatively large spatial scales
(Schaefer 2003; Hebblewhite and Fortin 2017; Plante
et al. 2018). Thus, understanding the interactions of
multiple disturbance types across large temporal and
spatial scales is important for predicting how future
developments may impact Rangifer populations (Pol-
fus et al. 2011; Polfus and Krausman 2012), and many
other wildlife populations.

Studies define cumulative effects differently based
on concepts, classification, direction and utility
(Duinker et al. 2013). Cumulative effects may occur
when the joint effects of features in close proximity are
greater or less than the influence of either of the
features alone, indicating synergistic effects in space
and time that are more than the sum of their parts (Ross
and McGee 2006; Houle et al. 2010). Some (e.g.
Brismar 2004) mainly emphasize cause—effect rela-
tionships that involve multiple root causes. A com-
posite definition based on several authors is provided
by Scherer (2011): “Cumulative effects are the net
effect that a resource experiences from the combined
influences of multiple management practices or influ-
ences often in combination with natural disturbance
regimes distributed through space or time, or both”. In
another perspective, Harriman and Noble (2008) view
cumulative environmental effects as “effects of an
additive, interactive, synergistic, or irregular (sur-
prise) nature, caused by individually minor, but
collectively significant actions that accumulate over
time and space”. Although there is a growing litera-
ture regarding the concept and importance of cumu-
lative effects as a component of the land use decisions
for wildlife habitats, quantifying cumulative effects
remains a challenge (Theobald et al. 1997; Gunn and
Noble 2011).

There is a combined spatial and temporal aspect of
“cumulative effects”. Both disturbance intensity and
animal vulnerability for disturbances vary over space
and time, and the spatial and temporal distribution of
disturbances may affect habitat use of populations.
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Among planning and reindeer management authori-
ties, a relevant issue is whether existing and future
infrastructure and human activities should be clustered
together in order to avoid negative effects in presently
undisturbed areas (Theobald et al. 1997). Conversely,
it can be argued that by clustering infrastructure in
certain areas, some reindeer populations may be more
severely affected than others. Some also argue that
thresholds may exist, where a severe decrease in
habitat use appears at certain levels of increased
human disturbances (Groffman et al. 2006). Such
thresholds could occur as a consequence of habitats
being overly disturbed or destroyed at certain levels of
human infrastructure (Frair et al. 2008), but also from
severe disturbance effects of seasonal human activi-
ties, like number of snow-kiters within an area
(Colman et al. 2012) or hikers along a trail (Strand
et al. 2013). On the other hand, reindeer may also
habituate to strong disturbance levels and/or the least
vulnerable individuals (typically males or semi-do-
mesticated reindeer in general) could be able to utilize
pastures despite increased disturbance levels, in both
time and space (Reimers and Colman 2006). This
could be especially relevant for certain periods like
winter, when alternative pastures could be limited and
the animals’ motivation might increase towards
utilizing a “disturbed” area. Also, during summer,
insect harassment may be an important factor over-
riding human disturbances (Skarin et al. 2004). Thus,
behaviour reactions change over time, at least to a
certain degree, and additional knowledge on cumula-
tive effects over time and for different distance
intervals is pertinent.

Within Rangifer ranges, effects of expanding
infrastructure and increased human activity negatively
influence the functionality of habitats, such as calving
areas, spring and winter pastures, and other limiting
habitats specific for a population (Panzacchi et al.
2015). In recent years, many studies have addressed
cumulative effects of human disturbances on Rangifer
habitat, but the approaches used vary considerably and
most seem to have difficulties in quantifying cumu-
lative effects in relation to the conceptual definitions
described above. Most studies define cumulative
effects as the total disturbance level within the entire
seasonal range of a population. In this perspective,
several independent, non-interactive disturbances are
studied, and the “cumulative effects” are presented as
the cumulative habitat loss for the focus population
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based on the independent effects from each infras-
tructure studied (e.g. Johnson et al. 2005, 2015; Polfus
et al. 2011; Panzacchi et al. 2013; Plante et al. 2018).
However, while acknowledging the importance of
such cumulative effects studies, there is little docu-
mentation on how disturbances act in synergy within
smaller areas.

In this study, we introduce a method to evaluate
cumulative disturbances for human activities and
infrastructure correlated in space. Together with other
habitat variables, we used resource selection function
(RSF) models as a simplified method to examine how
animal responses change with increasing disturbance
intensities across different spatial scales and seasons
within the Ildgruben reindeer district in Nordland,
Norway. Our approach of merging layers of spatially
correlated disturbances provides an understanding of
cumulative effects, but without separating effects of
each disturbance type or including interactions. The
Ildgruben reindeer population range is affected by the
population centre of Mo i Rana, numerous smaller
settlements, main roads, dirt roads, railway, cabins,
tourist resorts, power lines, hydropower, mining,
seasonal outdoor activities and more. Part of the range
is affected by several disturbance factors, while other
sections by one or just a few disturbance factors. A
major part of the range is not affected by infrastructure
or trails, but may still have hunters, occasional alpine
skiers, etc. We defined the disturbance level of
different types of infrastructure or trails based on the
intensity of associated human activity (e.g. major
roads had a higher disturbance level than minor roads).
We then calculated the cumulative disturbance level
for different distance intervals for all GPS- and
random locations and investigated how this affected
habitat functionality; i.e. habitat use within defined
seasons (for details see methods). Due to the densities
and distribution of human infrastructure and activities
within Ildgruben, the study area is ideal for testing
effects of a continuous range of disturbance intensity
levels within defined distance intervals and seasons,
from no disturbance to very high cumulative distur-
bance levels.

Our aim was to investigate how increased cumu-
lative disturbance at different distance intervals affects
reindeer habitat use and at what disturbance level it
leads to loss of habitat functionality. Using reindeer as
a case, we aim to provide new insights into organizing
available data and testing synergetic, cumulative

effects of infrastructure and anthropogenic activities
on wildlife populations within an overlapping tempo-
ral and spatial context.

Study area and methods
Study area

Ildgruben reindeer district is located in Nordland
county, Norway. The population is restricted to
approx. 2700 km?, encompassing year-round seasonal
reindeer habitats (Fig. 1) for a winter population
varying between 888 and 1458 reindeer over the last
20 years. Throughout our study period, the winter
population was between 888 and 1014, giving a winter
density of approx. 3 animals/km® (Reindriftsforvalt-
ningen 2008; Landbruksdirektoratet 2018). Most
human activity and infrastructure is concentrated
along the coast, but with some heavily developed
areas in central parts, including roads, tourist resorts
and cabin areas, trails and large hydropower develop-
ments. Other areas are less influenced, but may include
isolated cabins, tourist cabins, hiking trails, hydro-
power development, minor roads and power lines.
Consequently, there are little remaining areas > 3 km
away from infrastructure within the Ildgruben reindeer
population’s range (approx. 9%, Fig. 2), a common
scenario for many reindeer districts and some wild
reindeer populations in Norway. Seasonal, functional
habitats in Ildgruben overlap and vary among years
based on snow conditions, plant phenology, predator’s
occurrence, human disturbances and herding strate-
gies. During the last 10-15 winter seasons, large
proportions of the population are fed within or close to
the main reindeer enclosure nearby the herders’
houses, centrally located in the district. The winter
feeding has been necessary due to the loss of winter
pastures within Sweden from 2005 (Tom Lifjell, “pers.
comm.’).

From the highly developed coastal areas in the
west, elevation increases sharply up to mountain
plateaus between 600 and1100 masl, with deeper
forested valleys and larger hydropower development
mostly below 600 masl. Southern parts of the district
include alpine ridges up to 1900 masl (Fig. 1).

@ Springer
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Fig. 1 Study area map showing the location of infrastructure and trails, Ildgruben reindeer district in Nordland, Norway

Reindeer data

In total, 624,908 GPS positions were gathered from 44
GPS-collared reindeer females, representing 240
individual reindeer-years over eight years (16 March
2011 to 21 June 2018). GPS fixes below two-hour
intervals and fixes located outside the reindeer district
borders were removed. We also removed all data when
the animals were within fenced pens, were fed or
otherwise handled by herders (i.e. during herding and
gathering of animals, and one day before and after
herding/gathering), or when herders forgot to turn the
GPS-collars off after removing them from animals.
We also removed some rare GPS locations within
larger lakes, because they were considered not avail-
able. In some cases, GPS-locations were missing due
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to GPS-malfunctions; when only 4 or less consecutive
GPS-locations were missing, we extrapolated the
coordinates based on the time interval and the
coordinates before/after. In total, 39% of the GPS-
data was removed as erroneous positions based on the
above listed criteria (most of which was within or
close to the main pens during winter while being fed).
Thus, the total number of GPS-positions included in
our analysis was 383 382.

Seasons

We divided the study period into seven seasons based
on reindeer ecology and habitat functionality (such as
calving and rutting, plant phenology, insect harass-
ment and snow conditions), herding practices
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Fig. 2 Cumulative disturbance across different scales. The proportion of the area sizes outside each scale were approx. 76, 45, 21 and

9% at 0.25, 1, 2, and 3 km, respectively

(gatherings, herding between seasonal pastures, and
more) (Eftestgl et al. 2016) and partly also due to the
general levels of human outdoor activities (Table 1).
The seasons include early winter (1 November—31
January), mid-winter (1 February—15 March), late
winter (16 March—30 April), calving (1 May-15 June),
post-calving (16 June-until 1 day before gathering),
summer (1 day after gathering period until 31 August)
and autumn (1 September—30 October). The end of the
post-calving period varied each year depending on the
gathering period (i.e. the earliest was 1 July and the
latest was 24 July). Similarly, the start of the summer
season varied each year (the earliest was 9 July and the
latest was 31 July). Due to the complexity of having
seven seasons when interacting seasons with other

variables, we merged the seven seasons into three
broader seasons for the final data analysis: “Winter”
(early, mid- and late winter), “Spring” (calving and
post-calving) and “Snow free” (summer and autumn).

Infrastructure disturbance intensity and scale

To test how increased levels of human activities and
infrastructure within an area act in synergy and affect
reindeer habitat use, i.e. cumulative effect (e.g. Ross
and McGee 2006; Harriman and Noble 2008; Houle
et al. 2010), we categorized the disturbance from each
infrastructure and trail into different disturbance
intensity levels. Based on previous findings in avoid-
ance studies related to Rangifer (see review by Flydal
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Table 1 Disturbance levels for different infrastructure and trails

Infrastructure type or trail ~ Disturbance levels

Expected human
activity

Ski trails (only in winter) 1 Off season, 3 when prepared

Tourist cabins
winter, Summer and Autumn)

1 (All seasons)
1 (All seasons)
1 (All seasons)

Power stations
Power lines
Hydropower

Tourist trails (marked)

Summer and Autumn)

Other trails (less used)

Summer and Autumn)

Major roads 5 (All seasons)

Minor roads

Summer and Autumn)
6 (All seasons)

3 (All seasons)

Settlements

Housing, groups of 1-2
buildings*

Housing, groups of 3-5
buildings*

4 (All seasons)

Housing, groups of 6-20 5 (All seasons)
buildings*
Housing, groups of 6 (All seasons)
20 + buildings*
Cabins, groups of 1-2
buildings* Summer and Autumn)
Cabins, groups of 3-5
buildings*

Cabins, 620 buildings*

Summer and Autumn)

Summer and Autumn)
Cabins, 20-50 buildings*
Summer and Autumn)
Cabins, groups of

50 + buildings* Summer and Autumn)

1 (Early winter), 2 (Calving and Post-calving), 3 (Mid-winter), and 4 (Late

1 (Early winter, Mid-winter, Calving and Post-calving), and 2 (Late winter,

1 (Early winter, Calving and Post-calving), and 2 (Mid-winter, Late winter,
1 (Early winter, Calving and Post-calving), and 3 Mid-winter, Late winter,
2 (Early winter, Calving and Post-calving), and 4 Mid-winter, Late winter,
3 (Early winter, Calving and Post-calving), and 5 Mid-winter, Late winter,

4 (Early winter, Calving and Post-calving), and 6 Mid-winter, Late winter,

Negligible to low

Negligible to
medium

Negligible
Negligible
Negligible

1 (Early winter, Calving and Post-calving), 2 (Mid-winter), and 3 (Late winter, Negligible to low

Negligible to very
low

High

1 (Early winter), 2 (Mid-winter, Calving and Post-calving), and 3 (Late winter, Negligible to low

Very high

Low

Medium

High

Very high

Negligible to very
low

Negligible to Low

Very low to
medium

Low to high

Medium to very
high

The disturbance level was defined based on expected levels of human activity, and disturbance effects reported in previous studies
(see review by Flydal et al. 2019) and also information from herders and tourist management authorities

*Defined as group if distance between buildings is < 500

etal. 2019), we concluded that six levels, ranging from
1 (negligible to low disturbance) to 6 (very high
disturbance), differentiated sufficiently between
expected effects from different infrastructures (for
details see Table 1). The infrastructure types are
grouped into 6 levels with expected increase in
disturbance effect, and not reflecting quantitative
differences (i.e. does not mean that the highest level
is 6 times stronger than the lowest). We assigned the
lowest disturbance intensity levels for non-human use
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infrastructure (e.g. power lines and hydropower dams)
and increasing levels for high human use infrastruc-
ture (e.g. settlements, major roads, cabin areas etc.).
Many recent avoidance studies focus on several
different types of anthropogenic disturbances, and
most often these studies conclude with stronger
negative effects of disturbances/infrastructure that
typically generate higher levels of human activity.
For example, Plante et al. (2018) found strongest
negative effects around settlements, while no effects
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of power lines. Polfus et al. (2011) found stronger
negative effects of high use roads than low use roads.
Johnson et al. (2005) found strongest effects of minor
and major developments, while effects were weaker/
non-existent for exploration sites and outfitter camps.
Panzacchi et al. (2013) found strong negative effects
for roads and tourist cabins, but no effects of private
cabins, dams and power lines. Anttonen et al. (2011)
likewise found strongest effects of population centers
relative to buildings and main roads, while the effects
of forest roads were negligible. Skarin et al. (2018)
also found negative effects of two wind farms with
associated human activity up to several km, but no
effects of power lines. Due to larger differences in
methodology, population genetics, level of domesti-
cation, predator densities, actual amount of human
activity levels along the infrastructure in question, the
animals experience with humans (e.g. hunting vs no-
hunting populations/areas), size of alternative areas
and animal motivation, we have only considered
results within studies (not between studies) as the basis
for defining the disturbance intensity levels.
Moreover, avoidance studies of reindeer that study
different phases of the same infrastructure conclude
with strongest negative effects for the phase or season
that generate the most human activity and weaker/
negligible effects for the phase/season with less
human activity. For instance, late phase of mine
developments vs. early phase of mine development
(Plante et al. 2018), seasons with high vs. low human
use for mines and cabins (Polfus et al. 2011), after vs.
before road upgrades (Leblond et al. 2013; Wilson
et al. 2016), construction vs. operational phase of
power lines (Eftestgl et al. 2016). Also, Strand et al.
(2015) found stronger negative effects of hiking trails
in periods when they were in heavy use by humans.
Based on this, we differentiated the disturbance
intensity levels between seasons and classified infras-
tructure mostly used in connection with outdoor
activities (i.e. minor dirt roads, private cabins, tourist
cabins and trails) with lower disturbance intensity
levels during seasons with less outdoor activities, i.e.
early winter, calving and post-calving (see Table 1 for
details). Reduced outdoor activities during these
seasons are reported for both hiking (Gundersen
et al. 2019) and skiing (Lesmerises et al. 2018).
Furthermore, local reindeer herders (Tom Lifjell,
‘pers. comm.’) and tourist authorities (Robert Bjugn,

‘pers. comm.’) confirmed such differences depending
on season.

Similar to the multi-grain method (Laforge et al.
2015), we defined six radii up to 5 km around all real
GPS- and random locations (i.e. within 0-0.25, 0-1,
0-2, 0-3, 0-4, 0-5 km). Since spatial mapping
indicated that there was insufficient data for areas
outside the intervals at larger scales, we limited our
analyses to include only the first four distance intervals
(i.e. including areas up to 3 km away from all
locations, see Online Resource 1: Table S1). For each
location for each radius and season, we defined the
“cumulative disturbance” as the sum of “disturbance
intensity” levels for all infrastructures and trails
within that radii (for details see Table 1). If there are
two independent ski trails, or two independent cabins
within a radius, they are both accounted for. Every
location that did not have any infrastructure or trail
within a specific radius was considered to have a
cumulative disturbance of zero for that radii. How-
ever, in one important aspect our method differs from
the multi-grain method. Specifically, for each succes-
sive radius, we only included locations that had a
cumulative disturbance of zero from the preceding
radius, e.g. for the radius from 0-1 km, we only
included real GPS and random locations that had a
cumulative disturbance of zero within 0-0.25 km.
This means that for each radius analysed, all the
disturbances were between 0-0.25, 0.25-1, 1-2 and
2-3 km away from each location, respectively (see
Online Resource 1: Table S1). This was done because
the multi-grain method “combines” distance zones
with increasing distance, and thus, does not provide
precise information on exactly where cumulative
effects occur. By doing this, we could investigate
how cumulative effects affected the animals at differ-
ent “disturbance distance intervals”.

Habitat variables

To control for landscape features and grazing condi-
tions, we extracted elevation, slope and aspect for each
data point from topographic data provided by Norge
Digitalt (pixel size 25 x 25 m) and 25 vegetation
types provided by NORUT (Landsat TM/ETM + ,
pixel size 30 x 30 m, available at https://norut.no/)
for each data point using ArcGIS version 10.4.1.
Aspect was converted into numerical values, ranging
from O (north facing) to 180 (south facing). We
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classified the 25 vegetation/habitat types into five
main groups (details are given in Online Resource 1:
Table S2) based on different seasonal functionality as
grazing habitat (Gaare and Skogland 1975).

Data analysis

We generated regular points (100 by 100 m) within
the entire district. From these regular points, we then
randomly extracted an equal number of points to the
real GPS-locations within the annual seasonal kernel
home range to define available area. This was done
with a replacement command, i.e. the same regular
point could be extracted several times. We did not
include random locations in larger lakes because these
areas were considered not available. Similar to Plante
et al. (2018), we used kernel home range to identify
both habitat used and therefore areas ‘available’
within seasonal ranges. Kernel density estimation
(KDE) is widely used in home-range estimation since
its introduction into the field by Worton (1989).

We evaluated the summed up intensity of human
disturbances (i.e. cumulative disturbance) on reindeer
habitat use using resource selection functions (RSF;
Manly et al. 2002) by fitting logistic regression with
generalized linear mixed model in R (Bates et al.
2014). We analysed separately for each disturbance
distance interval (i.e. within 0.25, 0.25-1, 1-2,
2-3 km) for a better understanding of how reindeer
respond to increasing cumulative disturbance when
disturbances are at close distance, or further away. In
some cases, we may find a positive or no effect at
intermediate distance intervals and negative at further
distances. Consequently, we performed additional
analyses by merging such type of intervals (e.g. we
analysed 0.25-2 km if no effect at 0.25-1 km and
furthermore, 0.25-3 km if no effect at 0.25-2 km) to
better understand such results, as well as investigate
cumulative effects more thoroughly (results are given
in Online Resource 2: Fig S1). Prior to all the above
analyses, we also analysed using a multi-grain with
different radii (i.e. 0-0.25, 0-1, 0-2, 0-3 km)
approach following Laforge et al. (2015) to understand
general context (results are given in Online Resource
2: Fig S2) and to compare results of our new approach
with Laforge et al. (2015).

The response variable was binomial (used/avail-
able). The explanatory variables included cumulative
disturbance, season (categorical with 3 levels), habitat
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types (categorical with 5 levels), elevation, slope, and
aspect. Season was interacted with all other explana-
tory variables. We also added a squared term (both
simple terms and interactions) for continuous vari-
ables (cumulative disturbance, elevation, slope and
aspect) since they showed a curvilinear trend. All
variables were screened for collinearity using variance
inflation factors (VIF; Zuur et al. 2009), with VIF
> 3.0 as a threshold for removing a variable. The VIF
did not indicate any apparent multi-collinearity
(VIF < 3) among habitat variables. We included
individual reindeer year as a random factor to account
for individual yearly variations (Zuur et al. 2009). We
used Akaike’s information criterion (AIC-values) to
identify the most parsimonious model (see Online
Resource 1; Table S3). To illustrate the results from
the RSF models, we estimated relative probability of
selection to show effects of the cumulative
disturbance.

All analyses were done in R version 3.5.1 (R Core
Team 2019).

Results

We found strong negative effects of increased cumu-
lative disturbance from infrastructure and trails in all
seasons at the smaller distance intervals, with less or
no effect at larger intervals (Fig. 3; see also Table 2,
and Online Resource 1: Table S4). With increasing
cumulative disturbance, we found a sharp decrease in
reindeer habitat use within 0.25 km in all seasons.
Within the seasonal home range, the level of relative
use decreased between 92 and 98% (depending on
seasons) for the highest cumulative disturbance within
this interval. We also found a strong decreasing effect
within 0.25-1 km during spring when the disturbance
level was above approx. 7, with a decrease in use of
92% for the highest disturbance levels, while other
seasons showed no negative effects outside 0.25 km
(Fig. 3). We did not find effects outside 1 km for any
season, weaker but significant positive trends with
increasing cumulative disturbance during winter and
spring within the 1-2 km distance interval, neither did
we find any clear differences between the base line
probabilities for each distance interval. When merging
distance intervals that did not show negative effects
independently, the results did not change (see Online
Resource 2: Fig S1). However, when using the multi-
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Fig. 3 Relative probability (& 95% CI) of reindeer resource
selection in relation to cumulative disturbance (i.e. sum of
disturbance intensity levels) from the top predictive models
within four disturbance distance intervals (0-0.25, 0.25-1, 1-2,
and 2-3 km) for reindeer resource selection (RSF) during
winter, spring and snow-free seasons from 2011 to 2018 in the

grain approach, negative effects occurred up to 3 km
during spring and snow-free seasons as long as
cumulative disturbance becomes high enough. Such
analyses did not change results for winter season (see
Online Resource 1: Table S5; Online Resource 2: Fig
S2). The highest disturbance levels within the seasonal
home range varied between 13 and 26 (within the
0-0.25 km distance interval), and was lowest during
spring (Fig. 3). Population home range varied between
seasons (Fig. 4).

Reindeer selected lower elevation during spring
and winter, and higher elevation during the snow free
season. They selected lower slopes in all seasons for
all distance intervals. Reindeer selected south facing
aspect in all seasons, except selected north facing
during the snow free season within the 1 km distance
interval (Table 2). Reindeer selection for habitat types
varied highly between seasons, but did not vary much

Ildgruben reindeer district in Nordland, Norway. The relative
probability of selection for the cumulative disturbance predictor
variable were calculated while keeping the other continuous
predictor variables constant (at their mean values). The
cumulative disturbance relates to the number of disturbances
present within each distance interval, not the density

among the distance intervals (see Table 2; Online
Resource 1: Table S4).

Discussion

Our study design, predefining disturbance intensity
levels for different types of trails and infrastructure in
different seasons, allowed us to investigate cumulative
disturbance effects on habitat functionality of reindeer
at different distance intervals and different seasons.
Furthermore, adapting the multi-grain method
(Laforge et al. 2015) to a disturbance distance interval
approach, i.e. only including real GPS- and random
locations with a cumulative disturbance of zero from
preceding radii when analysing the cumulative effects,
provided more precise results for where cumulative
effects occurred. As expected, we found the strongest
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Fig. 4 Seasonal population home range (Kernel 99%) in the Ildgruben reindeer district in Nordland, Norway (see also Fig. 2 for

intensity of disturbance levels)

negative effects on reindeer habitat use with high
cumulative disturbance within short distances (i.e.
0-0.25 km for all seasons, and 0-1 km for spring).
The negative relationship between reindeer habitat use
and cumulative disturbance was strong for all seasons,
but strongest during spring, when reindeer are known
to be vulnerable towards disturbances due to vulner-
ability of calves (Tveraa et al. 2014). Contrary to
previous studies on wild reindeer (e.g. Nellemann
et al. 2010) and caribou (e.g. Boulanger et al. 2012;
Johnson et al. 2015; Plante et al. 2018), we did not find
negative effects of human disturbances at
distances > 1 km.

The main trends in our study showed a decrease in
reindeer habitat use with increased cumulative distur-
bance. This was as expected and lend support to
numerous studies (Johnson et al. 2005; Polfus et al.
2011; Panzacchi et al. 2013; Plante et al. 2018).
Rangifer behavior has evolved as a trade-off between

optimal grazing and predator/parasite avoidance (Frid
and Dill 2002; Stankowich 2008). Avoiding harmless
stimuli within the environment would be maladaptive,
and thus, it is likely to find weak/no effects of
stationary objects without human presence (e.g. closed
cabins, power lines, hydropower developments) on
reindeer behavior. This might explain why we found
negligible effects of cumulative disturbance levels <

3, even for the closest scale of our study. In general,
we found a steeper decrease in area use when
disturbance intensity increased. During spring for
distance interval 0.25—-1 km, negative effects did not
occur before the cumulative disturbance level was
above approx. level 7. The latter result may indicate a
disturbance threshold with few effects on habitat
functionality, provided that the total disturbance stays
below a certain levels, yet we did not find a clear
abrupt change of ecological functionality as described
by Groffman et al. (2006). The interactions between
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disturbance stimuli and other controllable and uncon-
trollable habitat factors are complex (Flydal et al.
2019). In relation to this, our results contrasts findings
in a road network study on elk (Frair et al. 2008),
where the disturbance threshold seemed to exist at
almost zero road densities, i.e. the strongest negative
change of effect was when the road densities were
lowest. It also contrasts with some large-scaled
avoidance studies on reindeer that found the strongest
rate of change on habitat use when the cumulative
human disturbance was low (e.g. Nellemann et al.
2010). Probably, influence zones, disturbance thresh-
olds and the specific relationship between effect and
change in cumulative disturbance are highly different
depending on type of infrastructure, species, popula-
tion and interacting environmental factors, like preda-
tors. This supports general evolutionary biology
theory, i.e. reactions towards various stimuli are
affected by both genetics and environmental factors
(Dobzhansky 1950).

Approx. 45% and 9% of the entire reindeer district
is more than 1 and 3 km, respectively, away from
human infrastructures or activities, suggesting that
lack of alternative undisturbed areas may also have
influenced our results. High cumulative disturbances
were mostly located along the coast or in deep valleys,
with large elevation differences between disturbance
source and preferred reindeer habitat, particularly
during winter, probably also affecting reindeer
responses. Furthermore, within our study site, densi-
ties of lynx (Lynx lynx) and wolverine (Gulo gulo) are
high (https://www.miljodirektoratet.no/
ansvarsomrader/naturoppsyn, Tom Lifjell pers.
comm.), and the reindeer district report yearly mor-
tality rates on calves > 30% due to predation (https://
www.landbruksdirektoratet.no/). Clearly, indirect
effects of predation (Frair et al. 2008) could affect
avoidance responses in cervids. Since semi-domesti-
cated reindeer are not hunted, and show weaker
response to human disturbance than hunted wild
reindeer in Scandinavia (Baskin and Hjiltén 2001;
Reimers et al. 2009, 2012), they may find predator
refuge in areas with relatively high levels of human
disturbance (Hebblewhite and Merrill 2007). Reindeer
herdsmen activities also likely leads to an adaptive
behaviour towards human activity and infrastructure
in general and/or override some of the negative effects
from human developments. The above factors might
partly explain why low cumulative human disturbance

@ Springer

had limited effect on reindeer habitat use in our study
site, especially outside 0.25 km. However, further
research on human—predator—reindeer interactions
is needed to reveal whether predator refuge, elevation
differences or reindeer herder activities may override
potential negative effects of low to medium human
disturbance intensities before conclusions can be
drawn on this.

Multivariate RSF models can show how separate
infrastructure types affect habitat use at a landscape or
home range level or scale within larger study areas
(e.g. Panzacchi et al. 2013; Johnson et al. 2015; Plante
et al. 2018; Skarin et al. 2018). However, distinguish-
ing disturbance effects of one infrastructure from the
other is challenging when there are many disturbance
types present within smaller areas. Our analysis was
based on a combined disturbance layer, and thus more
able to show cumulative effects of the total distur-
bance level in smaller areas containing several
spatially correlated disturbances. It may also assist in
establishing thresholds at which the animals begin to
avoid an area, partly or completely, because of
cumulative effects. We found that our method with
distance intervals provides a more precise understand-
ing of cumulative effects of disturbances than the
broader multi-grain approach used by Laforge et al.
(2015). For example, looking at the results during
spring for the multi-grain approach, the effects within
0-3 km are clearly explained by the disturbances
within 0-1 km, and those disturbances alone, when
comparing these results with the results from our
distance interval approach (See Online Resource 2;
Fig S2). Depending on a species home range and
vulnerability for disturbances, distance intervals and
disturbance levels should be modified.

We found high use of areas with low to medium
infrastructure disturbance levels, especially if these
disturbances were further away than 0.25 km (i.e. the
areas within 0.25 did not have any disturbances).
However, fright, flight and increased movement rates
due to human encounters could still be an issue within
such areas (Reimers et al. 2006, 2009; Strand et al.
2013), negatively influencing the animals’ energy
budgets, even if it does not induce seasonal avoidance
(Reimers et al. 2014). Furthermore, our specific
categorization may not be accurate enough to uncover
weaker effects from “real” low and medium distur-
bance level infrastructure. More research on such
consequences must be done before concluding that


https://www.miljodirektoratet.no/ansvarsomrader/naturoppsyn
https://www.miljodirektoratet.no/ansvarsomrader/naturoppsyn
https://www.landbruksdirektoratet.no/
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low cumulative disturbance has no or negligible
effects on habitat functionality. Also, we have not
investigated barrier effects directly that may reduce
connectivity between areas even if it does not lead to
avoidance per se. Therefore, in line with pre-caution-
ary principle, best practice is likely to cluster future
human developments within areas of already existing
high cumulative disturbance, i.e. where functional
habitat use is already lost or highly reduced, rather
than spreading new activities and infrastructure within
larger areas with no or low levels of disturbance.

Conclusions

This study introduces new methodology and an
improved understanding of how cumulative effects
can be organized and tested in a combined spatial and
temporal context applicable for other species and
study areas in future studies. Our results imply that
increasing probability of human presence and the
human-reindeer predator—prey relationship is the
driving force behind seasonal avoidance from cumu-
lative anthropogenic stimuli. The results show that
reindeer may tolerate low cumulative disturbance,
while a further increase in disturbance may be critical.
In theory, this means that for some reindeer popula-
tions, some disturbances in pristine areas and in
certain seasons can occur before it leads to clear
avoidance. However, it is important to emphasize that
with relatively intensive reindeer herder strategies,
limited alternative areas (in our case, further away
than 3 km) and high predator density, the relatively
low avoidance found in Ildgruben is not directly
transferable to other reindeer or caribou areas. Our
main contribution is not the specific avoidance
distances found for reindeer shown in this case study,
but that negative effects from human activities and
infrastructure on wildlife in general increases with
increasing intensity of disturbance, and adds new
insights to the existing literature.
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