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Abstract The expansion of roads, and the subse-

quent changes to the surrounding landscape not only

lead to landscape fragmentation but also have been

shown to be a key driver of biodiversity loss and

ecosystem degradation. Local declines of species

abundance as well as changes in animal behaviour

have drawn attention to wider ecosystem effects

including altered species composition and a degrada-

tion of ecosystem functioning. However, methods for

measuring and quantifying the distribution and envi-

ronmental impacts of roads are not yet fully devel-

oped. We present a new technique for assessing the

potential impacts of roads on biodiversity using a

spatial road disturbance index (SPROADI). The index

is calculated from three sub-indices: traffic intensity as

a measure of traffic volume per time and space;

vicinity impact, which is the assessment of edge effect

of roads on adjacent habitats (the road-effect zone);

and fragmentation grade, which provides an indication

of the degree to which the landscape is intersected by

roads. SPROADI was then tested using data from the

Federal State of Brandenburg in north-eastern Ger-

many. A sensitivity analysis was carried out on the

results to assess the robustness of the index. The

findings revealed expected patterns of high road

disturbance in urban and peri-urban landscapes sur-

rounding Berlin. Less obvious were the high levels of

road density and impacts in forest plantations across

the southern region of Brandenburg, and low levels of

road disturbance in agricultural crop lands of the
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north-western region. Results were variable for areas

under some form of protection. The only national park

displayed substantially lower SPROADI values in

contrast to the surrounding non-protected areas whilst

other protected area categories, which were landscape

conservation areas and nature parks, revealed SPRO-

ADI values that were equally high as those for non-

protected areas. The results of this study demonstrate

the strengths and potential applications of SPROADI

as a quantitative means for identifying low-traffic

areas in the context of conservation and sustainable

transport planning.

Keywords Buffer effect � Landscape indices �
Landscape fragmentation � Road impact � Roadless

areas � Traffic volume � Traffic disturbance � Road

ecology

Introduction

Landscapes have changed dramatically in the last

50 years as a result of a combination of factors

including human population growth and rapid tech-

nological advancement. The rapid shift from natural

ecosystems to cultural landscapes has introduced

novel feedback processes with unexpected conse-

quences (Ellis and Ramankutty 2008).

A main contributing factor to this transformation

has been the sudden increase in the scale of human

mobility helped by the development of transport

infrastructure throughout the twentieth century. An

increase in roads has enabled communities to rapidly

expand into previously remote or inaccessible areas,

thus ‘scaling up’ the level of human disturbance on

ecosystems (e.g. Jaeger et al. 2007; Selva et al. 2011).

The effects of roads on biodiversity are cumulative,

time-lagged, complex and often irreversible (Selva

et al. 2011). Landscape patterns and structures are

altered by the effects of fragmentation, which can

result in a predictable decrease in abundance and

extent of nearby suitable habitats (e.g. Eigenbrod et al.

2009; Benitez-Lopez et al. 2010), as well as bringing

about significant changes to local hydrological

regimes and microclimatic conditions (Chen et al.

1993; Köhler et al. 2003). The effects of all this

development on the ecology of populations, species

and ecosystems has been widely studied (Trombulak

and Frissell 2000; Forman et al. 2003; Fahrig and

Rytwinski 2009; Taylor and Goldingay 2010). The

outcomes of this research have revealed a wide range

of threats including mortality due to collision with

vehicles (van Langevelde et al. 2009), alternation in

behaviour (e.g. Laurance and Stouffer 2004; Parris

and Schneider 2009; Hoskin and Goosem 2010),

restriction of gene flow within and between popula-

tions (Riley et al. 2006; Holderegger and Di Giulio

2010), changes in species composition (Watkins et al.

2003), and impairment in the resilience of populations

and ecosystems to climate change (Jump and Peñuelas

2005). The colonization of previously undisturbed

landscapes leads to a process of ‘contagion’ (Selva

et al. in prep.), marked by an acceleration in the

construction of roads and settlements. Inevitably,

more opportunities to exploit natural resources arise

bringing with it progressive disruption to the ecology

of an area (Forman and Deblinger 2000; Trombulak

and Frissell 2000; Forman et al. 2003; von der Lippe

and von der Kowarik 2007). Changes to natural

patterns of disturbance such as fire and pest infestation

are just some of the problems to emerge from the

growth of road networks (Nepstad et al. 2001;

Takahata et al. 2010). Not all changes necessarily

cause a down-turn in the status of biodiversity. Certain

species may benefit from the increase in open

grassland and dense scrub associated with road

networks (Cousins 2006), although any perceived

advantages are greatly outweighed by negative

impacts. The main effects roads have on biodiversity

and ecosystems can be summarized as follows:

fragmentation caused by an increase in road density,

which may also lead to habitat loss and barrier effects

(e.g. Sanderson et al. 2002; Hawbaker and Radeloff

2004; Rico et al. 2007; Ewers and Didham 2007); an

escalation in traffic volume, which effects biodiversity

through noise, artificial lighting, pollution and other

direct variables (e.g. Parris and Schneider 2009;

Amusan et al. 2009); and the buffer effect caused by

increases in traffic density, which impacts on biodi-

versity at larger landscape scales within the so-called

‘‘road-effect zone’’ (Forman and Deblinger 2000;

UNEP 2001; Alkemade et al. 2009; Eigenbrod et al.

2009).

Historically, there has been a lack of scientific

research on road ecology and only recently have there

been attempts to study the ecological effects of roads

at the landscape and ecosystem levels (Forman et al.

2003; Liu et al. 2008). There remains a significant
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knowledge gap regarding thresholds and larger scale

effects of road-induced fragmentation on communities

and ecosystems (van der Ree et al. 2011). The use of

indices to measure landscape fragmentation is well

documented and includes mathematical procedures

such as those used to calculate the degree of landscape

division, the splitting index, splitting density, the

effective mesh size (see Jaeger 2000 for a review), or

landscape connectivity indices (see Pascual-Hortal

and Saura 2006 for a review). Girvetz et al. (2008)

calculated fragmentation as the effective mesh size

according to different fragmentation geometries. Op-

dam et al. (2003) introduced an index for landscape

cohesion based on a number of measurements that

included data on ecological profiles for multiple

species at both habitat and landscape levels. All of

these studies, have focused on the physical impacts

roads have in fragmenting landscapes. Other aspects

of road disturbance that relate to traffic volumes and

high traffic densities are less well researched. Recent

work on human population density, roads and urban

infrastructure has been carried out to provide a global

human footprint index (Sanderson et al. 2002). Other

sources of data on road disturbance including the

detailed statistics produced by the European Environ-

mental Noise Directive are also available (EEA and

ETC-SIA 2013). Much of the research has lacked

important fine-grain analyses but also restricted its

scope to the urban environment. Of the more recent

studies carried out in road disturbance ecology the

only landscape-level index that has included traffic

disturbances using estimates of traffic volume and

accessibility has been that developed by Theobald

(2008). Although this index incorporates the most

important elements of road disturbance it was

designed to represent human use and accessibility

rather than provide a means for assessing disturbances.

To capture a more detailed picture of the interactions

between biodiversity and road infrastructure it is

necessary to take into account the combined effects of

traffic volumes, road density and distribution, and also

to consider the zone in which these factors exert their

effects.

Evidence for deep and long-lasting effects of road

disturbance on biodiversity has raised awareness of the

importance of prioritising and protecting landscapes

with few or no roads, namely, ‘road-less’ or ‘low-

traffic areas’ (Selva et al. 2011). Such areas represent

undisturbed and functioning ecosystems, and have

been claimed to be crucial for the conservation of

biodiversity and ecosystem services. Road-free areas

are particularly relevant to ambitious large-scale

strategies for improving the adaptation of landscapes

to climate change (Strittholt and Dellasala 2001; Crist

et al. 2005; Selva et al. 2011). Despite the decline in

recent years of road-less areas there has been little

attempt in conservation and transport planning to

protect these landscapes. The European landscape is

severely affected by road development and yet there is

still no policy framework in place to identify and

preserve the few remaining road-less and low-traffic

areas (Selva et al. 2011). Across the rest of the world

there are a few countries (e.g. United States of

America), which include in their conservation plan-

ning and legislation road-related criteria (Selva et al.

2011). There remain significant gaps in our under-

standing of the larger-scale effects of road-induced

fragmentation on communities and ecosystems (van

der Ree et al. 2011). This absence of knowledge has

been accompanied by a lack of quantitative tools in

management practice to characterize the spatial pat-

terns and potential effects of roads at the landscape

level.

The main aim of this paper is to offer an index that

integrates the multiple effects of roads, from landscape

fragmentation to road-induced disturbance. The spa-

tial road disturbance index (SPROADI) provides a

spatially explicit, landscape-scale measure of road

disturbance that can be readily interpreted by practi-

tioners working in the field of conservation and

sustainable land use management. The assumption

underlying this study is that the cumulative impact of

roads on biodiversity is attributable to the combined

effects of three main factors: (1) determinants of traffic

intensity which can be summarized primarily by the

length of road(s) within a landscape parcel and the

intensity of traffic use on that stretch of road or road

network; (2) the density and distribution of roads in a

given landscape that also provides an indication of the

vicinity (proximity) of roads to natural or semi-natural

habitats; and (3) the overall degree of landscape

fragmentation due to roads. SPROADI attempts to

provide quantifiable values for traffic disturbance

based on an aggregated index, which includes three

measures: traffic intensity (T); vicinity impact (V); and

fragmentation grade (F). Traffic intensity (T)

describes the traffic volume for different roads

recorded within a specified landscape unit. The
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vicinity impact (V) represents the disturbance gener-

ated from the presence and usage of roads in adjoining

areas. Fragmentation grade (F) defines the impact of

roads at a landscape level and is measured as the

number and size of sub-polygons created by roads

dissecting the landscape. To demonstrate how the

index can be applied on the ground, we use data on

traffic for the German Federal State of Brandenburg.

The results of the analysis are presented as three sub-

indices for traffic intensity, vicinity impact and

fragmentation grade, followed by the combined results

of all three factors into an aggregated index referred to

as ‘‘SPROADI’’. A set of maps is produced, including

a generalized map that represents regions of high and

low road impact, and corresponding high and low

conservation potential. A statistical sensitivity analy-

sis using different weighting and a jackknifing process

is applied to the three sub-indices to test for consis-

tency and robustness. A final gap analysis was

performed on the derived data set using SPROADI

to demonstrate, using spatial representation, the full

extent of road disturbance on different protected area

categories and specific ecosystems. Finally, recom-

mendations for the application of SPROADI in a

broader framework of evaluating landscapes for

conservation design and planning are presented in

the discussion.

Materials and methods

Index development

SPROADI can be calculated as a weighted additive

linear index with an equal weighting given to all three

sub-indices traffic intensity (T), vicinity impact

(V) and fragmentation grade (F). Although an additive

index does not account for non-linear properties (e.g.

threshold effects of traffic density or fragmentation), it

does consider the complementary effects of the

underlying indicators (in this case the three combined

sub-indices T, V and F). It achieves this by awarding

the highest rank to those areas with the greatest values

for all three measures. SPROADI values, together with

all three sub-indices, were calculated for display as

grid-based maps. The use of raster formatting in the

cartographic output allowed for the standardization

and statistical analysis of the data. Whilst many

ecological studies and landscape analyses use land-use

maps that are grid-based, roads tend to disappear when

the cell size is too large (Hawbaker and Radeloff

2004). Raster-based maps designed to incorporate

information on roads and traffic can be directly fed

into ecological studies that analyse data on a raster

basis and at an appropriate resolution. However, it

should be noted that in many cases such maps often

have to be carefully prepared at the appropriate

resolution as they are not available a priori.

Traffic intensity (T) was expressed as the number of

vehicles per hour (TV) (Table 1) multiplied by road

length (R), and summed up for all road sections in a

given cell as:

Tk ¼
Xnk

i¼1

Rk;i � TVk;i ð1Þ

where Tk is the traffic intensity of a grid k; R k,i, length

of a road section i in a grid cell k (km); TVk,i, average

number of vehicles per hour (traffic volume) on road

section i in a grid cell k; i = {1,2,3,…,nk}, index

variable for road sections occurring in a cell k; nk,

number of road sections in a grid cell k.

Table 1 Categories of vehicle volumes assigned to corre-

sponding road sections with a given traffic intensity as vehicles

per average hour

Category Number of vehicles per hour

0 0–0.2

1 5–172

2 173–345

3 346–517

4 518–690

5 691–862

6 863–1,078

7 1,079–1,293

8 1,294–1,509

9 1,510–1,724

10 1,725–2,586

11 2,587–4,310

12 4,311–8,621

Categories 1–12 were taken from (DDS Digital Data Services

GmbH 2010a). Field-and forest roads are not included in the

DDS data set but were added manually as category 0 using data

from the office of land-surveying and geo-information

Brandenburg (LBG 2008). For the calculation of traffic

intensity (T) the maximum value for each category was used

(e.g. category 0 = 0.2, category 1 = 172)
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The vicinity impact (V) for a given cell represented

the cumulative effect of all relevant roads as a function

of their distance and traffic load. With certain map

resolutions, and depending on the nature of the specific

research question and the ecosystem, the vicinity

impact can be calculated using the attributes of the

eight neighbouring cells (Eq. 2), although for the

corner and boundary areas the number of cells included

in the calculation had to be reduced. For this study, a

1 km resolution was adopted as an appropriate scale.

Vk ¼
1

nk

�
Xnk

v¼1

Tk;v ð2Þ

The effects of roads may extend far beyond this

scale of analysis but evidence from studies carried out

on road effect zones indicate that a 1 km resolution is

an appropriate scale to capture most of the relevant

impacts of roads on biodiversity (Forman and Deb-

linger 2000; UNEP 2001; Alkemade et al. 2009). For

example, the road effect zone of a highway for

different anuran species is generally\1 km (Eigenb-

rod et al. 2009). where Vk is the vicinity impact on grid

k; Tk,v, traffic intensity in an adjacent (v) grid cell k;

v = {1, 2, 3,…,nk}, index variable for surrounding

cells; nk, number of surrounding cells of grid cell k.

Fragmentation grade (F) was estimated using a

equation to calculate the effective mesh density (EEA

2011), according to the CBC method as described in

the study by Moser et al. (2007). The effective mesh

density is the reciprocal value of effective mesh size

(EEA 2011). In this approach the assumption is made

that within a given reporting unit the size of polygons

without roads can serve as a good indicator for the

level of road disturbance, with larger polygons

indicating less disturbed areas. However, the proce-

dure used for the raster formatting introduces a certain

degree of error into the analysis by cutting the area of

polygons. A correction can be made by taking into

account the ‘‘boundary problem’’ and by factoring in

the total area of each polygon beyond the boundaries

of the raster cells as described in Moser et al. (2007).

This approach also reduces the sensitivity of the

calculation to changes in the resolution of the map.

The equation for retrieving the cross boundary con-

nection (CBC) values is given in Eq. 3 (Moser et al.

2007). Calculating the reciprocal value of the effective

mesh size then returns the corresponding CBC value

of the effective mesh density (Eq. 4).

mCBC
eff ¼ A

compl
total �

Xnk

j¼1

Aj;k

Ak

�
A

compl
j;k

A
compl
total

 !

¼ 1

Ak

�
Xnk

j¼1

Aj;k � Acompl
j;k ð3Þ

Fk ¼
1

mCBC
eff

¼ AkPnk

j¼1 Aj;k � Acompl
j;k

ð4Þ

mCBC
eff , effective mesh size of a grid cell; Fk, fragmen-

tation grade of a grid cell k; j = {1, 2, 3, …, nk}, index

variable for number of polygons; nk, number of

polygons without roads belonging to a grid cell k;

Ak, area size of a grid cell k (m2); A j,k, area size of the

fraction of a polygon j lying within a grid cell k (m2);

A
compl
j;k , area size of the complete polygon j that Aj,k is

part of (m2); A
compl
total ; total area size of all complete

polygons intersecting a grid cell k (m2).

The combined effects of all three sub-indices,

traffic intensity (T), vicinity impact (V) and fragmen-

tation grade (F) were taken to represent the value of

the SPROADI.

Calculations for all three sub-indices were normal-

ized with the min–max-normalization procedure,

using a scale range between 0 and 100 (see Eq. 5).

Ik;norm ¼
Ik � Imin

Imax � Imin

� 100 ð5Þ

Ik,norm = {Tk,norm, Vk,norm, Fk,norm}, set of normalized

sub-indices {T, V, F} within a grid cell k; Ik = {Tk, Vk,

Fk}, set of sub-indices {T, V, F} within a grid cell k;

Imin = {Tmin, Vmin, Fmin}, minimum values of sub-

indices across all grid cells of the study area;

Imax = {Tmin, Vmin, Fmin}, maximum values of sub-

indices across all grid cells of the study area.

The final SPROADI was then calculated as the

weighted sum of the three equally weighted sub-

indices (Eq. 6).

SPROADIk ¼
Xn

i

wi � Ik;norm ¼ wT � Tk;norm

þwv � Vk;norm þ wF � Fk;norm

ð6Þ

SPROADIk = spatial road disturbance index of a grid

cell k; n = number of sub-indices (in this case: 3);

wi = {wT, wV, wF} where w stands for the assigned

weight for each of the sub-indices. In this study we

assigned equal weights to each, i.e. wi = 0.33, so thatP
i wi ¼ 1 and 0 B wi B 1.
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Application of the index to the case study region,

the state of Brandenburg

SPROADI was applied to the data on traffic for the

Federal State of Brandenburg. Raster files were

created from an initial template raster that was

generated for the entire state at a resolution of

1 km2. Brandenburg covers 29,479 km2 of the north-

eastern part of Germany, bordering Poland. The

human population density of Brandenburg is relatively

low with an average of 85 inhabitants per km2

compared to the national average of 229 inhabitants

per km2. The landscape in this region is characteris-

tically dominated by a patchwork of forest, plantations

and mixed agriculture with relatively small scale

urban development. Despite its rural character there is

a well-developed network of roads including several

major highways linking Berlin to other large urban

hubs. The city of Berlin, which is a federal state in its

own right, was excluded from the study (Fig. 1). It was

felt that the urban landscape of Berlin would distort the

results generated for the larger surrounding rural

landscape.

The classification system used to represent the

distribution of traffic (measured as vehicles per hour),

and to calculate traffic intensity (T) and vicinity

impact (V), contained 12 different categories based on

data originally produced for geo-marketing purposes

(Table 1) (DDS Digital Data Services GmbH 2010a,

b). These data were extrapolated from empirical

measurements generated for the frequency counts of

vehicles recorded during traffic surveys. A frequency

value for the use of roads was calculated by dividing

the number of passing persons in cars (provided by

DDS) by the value, 1.16 (the mean value of passengers

per car, DDS Digital Data Services GmbH 2010a).

Using this information, we estimated the average

number of vehicles for each hour accessing all

stretches of roads within a cell. Forest roads were

included in the study as they occurred in high density

and it was felt that they may contribute significantly to

forest fragmentation as well as exert edge effects on

the surrounding environments (van Langevelde et al.

2009). Although there are no records in the DDS data

set on traffic frequency for forest roads, information

for these particular road networks was generated by

using data from the Office of land-surveying and geo-

information Brandenburg (LBG 2008). A value for the

amount of traffic on forest roads was set at 0–0.2

vehicles per hour (category of 0). Any value much

above this would have been misleading as forest roads

in Brandenburg are officially closed to the public and

are permitted access only to foresters and licensed

hunters. However, the absence of any physical barrier

Fig. 1 Overview map of

the case study area, the

Federal State of

Brandenburg, Germany,

including district borders,

motorways and main roads

based on data from the office

of land-surveying and geo-

information Brandenburg

(LBG 2008) and from the

Federal Agency for

Cartography and Geodesy

(Bundesamt für

Kartographie und Geodäsie

(BKG) 2006)
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encourages a steady but infrequent use of forest roads

by members of the public. Data for field roads were not

available.

In the calculation for vicinity impact (V) all

adjacent cells within the range of 1 km were consid-

ered, which equates to one cell in each direction. As

Brandenburg has a relatively high density of roads,

especially in those areas surrounding Berlin, only the

ten largest polygons per cell were considered in the

calculation for fragmentation grade (F). Initial tests

indicated that any consideration of more polygons

would have had no impact on the value of F when

rounding values down to three decimal places. For

those grid cells at the boundary of the study area, the

complete area size of polygons beyond grid cell

borders A
compl
j;k could not be estimated as data were not

available for neighbouring federal states (Mecklen-

burg-West Pomerania, Saxony, Lower Saxony, Sax-

ony-Anhalt, and Berlin), or Poland. This problem did

not really present itself for the eastern border of

Brandenburg as the Odra river, separating Germany

from Poland, has a similar effect to roads in that it

restricts the movement of some species. At least for

some polygons bordering Lower-Saxony and Saxony

Anhalt in the west, the presence of the River Elbe had a

similar effect. Other rivers or water bodies were not

considered as fragmenting elements.

For each pixel on the map a SPROADI value was

recalculated to give an average reading using the results

for the eight neighbouring cells, and this way a

‘‘generalized density’’ measure was produced for

SPROADI (with fewer cells recorded for corner or

border cells). This ‘generalization process’ was repeated

three times, in order to generate a ‘smoothing effect’

during the iterative process of aggregating spatial

information. Using this calculation an average value

for each cell is generated given the data from a number

of cells within a larger radius, and leading to the effect

that the influence of each cell on the calculated average

value of a given area is relative to its distance.

All of the spatial analysis and calculations for the

various indices were carried out using Arc GIS 9.3.1

software (ESRI 2008) together with INSENSA GIS

software (Biber and Freudenberger 2011).

Sensitivity analysis

A sensitivity analysis was performed on the Branden-

burg data to assess the uncertainties underlying the

index caused by the selection and weighting of sub-

indices. This approach adopts similar techniques to

those used in studies by Saisana and Srebotnjak (2006)

and Saisana and Saltelli (2010), in which baseline

outcomes are compared with different modifications

to its calculations. In our study the data was subjected

to ‘jackknifing’, an iterative process of removing each

sub-index in turn before re-running the analysis. In the

following stages of the analysis the relative weights

for each sub-index were altered, first randomly and

then systematically. Random weight variation applies

a process of simultaneous random alteration to the

weights for all sub-indices. Conversely, systematic

weight variation changes the weights for one sub-

index for a defined step size and then increases or

decreases the weights equally for the other indicators.

For instance, the weight of F can be decreased by

10 % whilst weights for V and T are increased by 5 %.

This way, it was possible to generate 47 modifications

to the SPROADI index (Table 2).

Based on these modifications, the coefficient of

variation was calculated for each pixel. Volatility

measures were also generated to assess for consistency

Table 2 Modification procedures applied to the original spatial road disturbance index (SPROADI) algorithm and the number of

modified indices created

Sensitivity analysis mode Applied procedure Setting details No. of generated

modified indices

Jackknifing Iterative exclusion

of each sub-index

– 3

Random weight variation Random weight

variation

Between 15 and 50 % for all sub-indices all at a time. 20

Systematic weight variation Systematic weight

variation

Between 15 and 50 % for each sub-index one

at a time with a step size of 5 % (8 for each sub-index).

24
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between the different weighting schemes and the

indicator selection in order to identify those areas that

received consistently low values for SPROADI.

Calculating volatility involves recording the fre-

quency of index values that selects a value below or

above a specified threshold for all index variations. In

Table 3 Spearman rank correlation coefficients for the spatial road disturbance index (SPROADI) and all sub-indices as well as

indicators of index sensitivity

SPROADI Traffic

intensity (T)

Vicinity

impact (V)

Fragmentation

grade (F)

Volatility

(5–10 %)

Traffic intensity (T) 0.714

Vicinity impact (V) 0.703 0.605

Fragmentation grade (F) 0.655 0.135 0.139

Coefficient of variation -0.273 20.653 -0.278 -0.059

Volatility (0–10 %) 20.939 20.660 20.676 20.611 0.240

Generalized SPROADI 0.788 0.401 0.682 0.576 -0.072 20.745

All correlation coefficients are significant with p \ 0.001 and all bold correlation coefficients are higher than 0.6

Fig. 2 a Traffic intensity

(T), b vicinity impact (V),

c fragmentation grade

(F) and d the combination of

the three sub-indices into the

spatial road disturbance

index (SPROADI); high

values in red represent high

road disturbance, low values

in blue represent low road

disturbance along the

different sub-indices or the

overall SPROADI outcome
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this study, the volatility measures for all the cells were

assessed by estimating the frequency values for low

readings, defined as measures of 10 % or less of the

maximum value (with different maxima within each

index variation). In the final stage of the analysis

spearman rank correlation coefficients were applied to

the data to assess the relation between SPROADI, its

sub-indices and the generalized density version of

SPROADI. Additional correlations were carried out

on different raster datasets that represented the

robustness of each grid cell to any variation in index

weighting, and to the effects of applying ‘jackknifing’

to sub-indices values. We also plotted these outcomes

as maps to identify potential spatial patterns of

uncertainty compared to the spatial pattern provided

by SPROADI and its components.

Land-cover and protection gap analysis

CORINE land-cover data (Umweltbundesamt 2009),

together with information on protected areas (BfN

2008, 2009), were used to analyse the distribution of

SPROADI values between different land-cover types

and between non-protected areas and areas under

different categories of protection. Raster maps were

created with a resolution of 1 km, and the most

prominent land-cover type and designation status for

protected areas was assigned to each cell. This resulted

in the dismissal of several small-scale attributes

including small patches of both land-cover types and

conservation areas. Only the most dominant land-

cover types in Brandenburg were considered in the

analysis, namely coniferous forest, mixed forest,

broad-leaved forest, non-irrigated arable land, pas-

tures, natural grasslands, discontinuous urban fabric

and urban fabric. Values for pastures and natural

grasslands were combined as were those for discon-

tinuous urban fabric and urban fabric. Protected area

categories included nature conservation areas and

national parks (providing the strictest protection),

landscape conservation areas and nature parks (with

hardly any restrictions to agriculture and forestry),

biosphere reserves and Natura 2000 sites including

designated special areas of conservation (SACs) and

special protection areas (SPAs).

Data for protected areas were used to conduct a gap

analysis and to assess for possible relationships

between these areas and different land-cover types.

The extent of overlap between protected areas and

landscapes with little road infrastructure and compar-

atively low traffic disturbance was also assessed. The

results generated were then statistically analysed using

a Kruskal–Wallis-Anova to compare SPROADI val-

ues between the different land-cover classes, and

Mann–Whitney-U tests to determine whether there

were significant differences between protected and

non-protected areas. In the analysis it was possible to

assess for the capability of SPROADI to identify road-

less areas in an ecologically relevant context (land-use

type), and also to identify gaps in protected area

designation conservation gaps and hence policy-

relevant needs.

Results

Maps representing the calculated values of traffic

intensity (T), vicinity impact (V), fragmentation grade

(F) and SPROADI are displayed in Fig. 2.

The values calculated for traffic intensity (Fig. 2a)

indicated that there was a visual matching and a

significant positive correlation between readings for

traffic intensity and vicinity impact (r = 0.605,

p \ 0.001) (Fig. 2b; Table 3). The map generated

for fragmentation grade produced a rather different

spatial pattern compared to the other two indices

(Fig. 2c). High levels of landscape fragmentation

across the State of Brandenburg were recorded in areas

where readings for both traffic intensity and vicinity

impact were low. That said, a significant positive

relationship was recorded for traffic intensity and

fragmentation grade (r = 0.135, p \ 0.001), and

again for vicinity impact and fragmentation grade

(r = 0.139; p \ 0.001). As SPROADI is calculated as

the sum of all three sub-indices it demonstrates spatial

matches to all three but most noticeably with traffic

intensity (r = 0.714; p \ 0.001) and vicinity impact

(r = 0.703; p \ 0.001) (Table 3; Fig. 4a–c).

When SPROADI was applied to data for roads and

traffic in Brandenburg it returned values within a range

between 0 and 83.667. The highest readings were for

both the peri-urban landscape and an outer ‘halo’ zone

surrounding Berlin. In addition, there were a number

of regions across southern parts of Brandenburg that

also appeared to register high SPROADI values

(Fig. 2d). By contrast, low values were obtained for

broadly-defined agricultural regions in the north-

western and north-eastern parts of the study area,
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specifically, Havelland and Prignitz in the west and

Uckermark in the east.

The findings of a sensitivity analysis carried out on

the data indicated that the coefficient of variation

values were significantly higher in areas with low

SPROADI values (r = -0.273, p \ 0.001) (Figs. 3a,

4d). This suggests that low SPROADI values are more

sensitive to index variations than areas of high

SPROADI values. On testing for a correlation between

volatility of low index values (\10 % of maximum

value, Fig. 3b) and SPROADI, a significant negative

reading was returned (r = -0.939, p \ 0.001,

Table 3). All three sub-indices showed similar strong

correlations when tested independently against mea-

sures for volatility (vicinity impact r = -0.676; traffic

intensity r = -0.660, p \ 0.001; and fragmentation

grade r = -0.611, p \ 0.001). These results indicate

that the sub-index for traffic intensity may be the most

dominant component and best single predictor of

SPROADI but the readings generated for vicinity

impact are the most effective predictor for volatility in

the case of low SPROADI values.

A reformatted generalized map (Fig. 3c) represent-

ing the effects on a landscape of densely spaced roads

revealed clusters of high SPROADI values for those

landscapes surrounding Berlin; regions in the southern

part of the state; and some northern and central parts of

Brandenburg. A significant positive correlation was

recorded between the generalized density version of

SPROADI and the original SPROADI values

(r = 0.788; p \ 0.001), and a significant negative

correlation was recorded between the generalized

SPROADI readings and coefficients of variation

(r = -0.072, p \ 0.001; Table 3; Fig. 4e, f).

Each of the land-cover types across the state

produced significantly different SPROADI readings

Fig. 3 a coefficients of

variation, b volatility of low

SPROADI sites (from 0 to

10 % of the maximum

value), c generalized density

raster of SPROADI and

d bivariate maps displaying

protection status and areas

with low and high road

disturbance index

(SPROADI) values. All

maps are displayed using

quantile breaks for

classification
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(Kruskal–Wallis-Anova with Bonferroni correction,

Hc = 4,437; p \ 0.001). The highest mean values

were obtained for urban areas, followed by coniferous

plantations and mixed forests (Fig. 5a). By contrast,

those landscapes classified as pasture and grassland,

non-irrigated arable land and broad-leaved forest

appeared to have the lowest mean values for the

index. A pair-wise comparison between the different

land-cover types returned significant results

(p \ 0.001), although medians differed only slightly

(Fig. 5a). No significant difference was found when

comparing arable landscape and broadleaved forest

(Bonferroni corrected p = 0.054). A similar result

occurred when comparing coniferous forests with

mixed forest landscapes (Bonferroni corrected

p = 0.112).

Protected area coverage was analysed for areas with

high or low SPROADI values (above and below the

median, using quantile breaks). Protected areas with

high SPROADI values were located in the north

(Oberhavel and Barnim) and also across the southern

part of the state, for example in parts of Potsdam-

Mittelmark and Dahme-Spreewald counties (Fig. 3c).

Unprotected landscape with low SPROADI values

was located in the north (Prignitz and Uckermark) and

east (Märkisch-Oderland), as well in a few areas in the

south of the state, bordering Saxony and Saxony-

Anhalt (Fig. 3d).

Road disturbance appeared to be significantly lower

in protected areas compared to the surrounding

landscape (U = 1.03E08; p \ 0.001). Despite the

significant outcome, median differences were rela-

tively small (Fig. 5b). Of all the protected areas in

Brandenburg, the lower Odra Valley National Park

(the only national park in Brandenburg) recorded the

lowest average values for traffic and road disturbance.

This region also had substantially lower SPROADI

values compared to the surrounding unprotected

landscape (U = 6.28E5; p \ 0.001).

Nature parks were singled out from the other

protected area categories for revealing no significant

difference in readings for SPROADI from the sur-

rounding landscape (U = 4.99E7; p = 0.036). Whilst

all other protected areas appeared to have noticeably

lower traffic disturbance than the rest of the landscape

the recorded median values were only moderately

lower in some of the protected area categories, for

instance in landscape conservation areas (Fig. 5b).

Fig. 4 Scatter plots of the

relation between spatial road

disturbance index

(SPROADI) and its sub-

indices a traffic intensity

(T), b vicinity impact (V),

c fragmentation grade (F) as

well as its sensitivity

measures, d coefficient of

variation, e SPROADI

versus the generalized

version of SPROADI and

f the generalized SPROADI

version versus the

coefficient of variation
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Of all the landscape typologies across the state that

returned low SPROADI values 54 % were designated

as protected land but a similar proportion of cells

representing protected areas was also found in areas

with high SPROADI readings (51 %) (Table 4).

Similar results were obtained for coniferous and

mixed forests where both protected and non-protected

areas occurred in equal proportions in both high and

low SPROADI areas. The findings were not straight

forward for forests as the results for broad-leaved

forest sites indicated. In this particular landscape there

appeared to be a slightly higher percentage of

protected areas within low SPROADI sites.

The findings for this study suggest that with the

exception of broadleaved areas there was very little

difference in road development between much of the

protected landscape and the surrounding unprotected

countryside. It also highlighted the extent of traffic

disturbance in those areas of coniferous and mixed

forests protected by legislation. Much of the unpro-

tected non-irrigated arable land appeared to be least

affected by fragmentation and traffic disturbance.

Discussion

Several indices and methods have been developed

to quantify the influence of road and traffic

disturbance on biodiversity (e.g. Jaeger 2000;

Pascual-Hortal and Saura 2006; Girvetz et al.

2008). Most of the current models in use focus

on fragmentation and the physical presence of

roads without much consideration given to other

factors relating to traffic density or the road-effect

zone. SPROADI is an approach that combines

several measures of road disturbance including

fragmentation and traffic densities, and the potential

cumulative impacts on neighbouring areas.

The results produced for the Federal State of

Brandenburg revealed several distinctive and unex-

pected patterns. One of the more noteworthy

findings was the unusually high level of road

disturbance recorded in the forested landscape,

more specifically, in the conifer plantations. An

obvious explanation for this pattern is the roads

reflect the extent of commercial activity going on

in the forests and the need to provide access for

logging and extraction. In sharp contrast, the other

main commercial use of land, namely agriculture,

had one of the lowest levels of road activity in the

region. Unlike the farmed landscape most forested

areas across Germany are protected and yet the

extensive road network in wooded areas is very

likely to have a negative impact on the ecosystem

by allowing the colonisation of non-native species

(Wilkie et al. 2000; Joly et al. 2011). There are

other concerns relating to the effects of roads on

ecological processes and dynamics. For instance, a

high density of roads may increase the susceptibil-

ity of the forest to extreme weather conditions,

bark beetle attacks or other phenomena affiliated

with climate change (Malhi et al. 2009).

An unexpected outcome of the study was the high

SPROADI readings recorded for a number of the

designated conservation sites. A possible answer for

this anomaly is the historical land use of the region.

German landscapes like nearly all other European

rural areas is deeply relictual. There are almost no

Fig. 5 Boxplots showing the distribution of values of the spatial

road disturbance index (SPROADI) from Brandenburg for

a different land-cover classes according to grouped land-cover

data and b protected and non-protected areas and categories of

protected areas separately
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vestiges of wilderness remaining in any part of modern

Europe. Land management went through periods of

intensive use interspersed by neglect or abandonment.

In a number of cases the neglect of agricultural or

forested lands provided opportunities for protective

conservation although many of these sites retained

historical legacies of previous human activity includ-

ing roads.

The results raise a number of questions about the

effectiveness of SPROADI if used in isolation to

determine the conservation priority of targeted sites.

The model is most effective when applied in combi-

nation with other conservation prioritization tools. The

outcomes of the sensitivity analysis indicated that

higher SPROADI values were more robust to index

variation than lower ones (Fig. 4d), suggesting that

higher levels of uncertainty were associated with

lower SPROADI values. This should persuade scien-

tists to avoid using SPROADI as a sole measure for

prioritising areas for protection.

The multivariate capabilities of SPROADI make it

possible to carry out a detailed analysis of the impacts

of roads in a varied landscape. It also provides a useful

approach for assessing the ecological status of land-

scapes and for designing a spatial conservation

strategy.

For instance, conservation managers could use

SPROADI to identify landscapes with low traffic

disturbance, and also target existing protected sites for

restoration work that have unacceptable levels of

traffic use. The linked sub-indices in SPROADI allow

for a richer interpretation of road disturbance that is

not always provided in more conventional linear

models that work with single measures.

Limitations of SPROADI

The effectiveness and accuracy of SPROADI could be

improved by developing the calculation procedure.

The normalization of the sub-indices prior to the

calculation does not allow for comparisons between

different study areas as their assigned values are

transformed to give a standard measure within a range

between 100 and 0. However, at this point, the

normalization is necessary to ensure that the calcula-

tion of the weighted index is free from any bias that

may arise when the data is subjected to variability in

the ranges of the sub-indices. Another source of

potential error is related to scale and resolution. Whilst

all sub-indices are independent of the spatial resolu-

tion, the methods used to calculate the vicinity impact

across different resolutions may differ. For instance, if

a fine resolution map is applied then it may be

necessary to generalize values for a larger number of

cells. Conversely, if using a coarser resolution map, a

process of ‘up-scaling’ is required to avoid the loss of

relevant smaller-scale information.

Apart from the aspects of disturbance that are

covered by the three chosen sub-indices, a range of

physical attributes, including the width and composi-

tion of roads, ground impaction, vehicle speed and

type (cars, trucks etc.), could also be included in the

overall analysis, although it is accepted that some of

these factors are likely to correlate against each other.

Another potential opportunity for improvement is to

include light pollution as one of the factors in the

index, particularly as a significant proportion of

animal species are nocturnal (Rodrigues et al. 2012).

Further analyses could include data on seasonal

Table 4 Area (km2) and spatial coverage (%) of high and low SPROADI values (based on quantile break) and their protection status

for different landcover types including percentage values relative to the total landcover type coverage of Brandenburg

High SPROADI Low SPROADI

Protected Not protected Protected Not protected

Broad-leaved forest 349 (81 %) 80 (19 %) 441 (89 %) 55 (11 %)

Mixed forest 223 (68 %) 105 (32 %) 135 (72 %) 52 (28 %)

Coniferous plantations 3,566 (60 %) 2,360 (40 %) 1,865 (60 %) 1,243 (40 %)

Non-irrigated arable land 1,916 (37 %) 3,268 (63 %) 3,538 (43 %) 4,638 (57 %)

Pastures and natural grasslands 601 (70 %) 261 (30 %) 1,426 (73 %) 526 (47 %)

Urban fabric 212 (22 %) 748 (78 %) 3 (50 %) 3 (50 %)

Other 540 (52 %) 431 (44 %) 595 (64 %) 330 (36 %)

Total 7,407 (51 %) 7,253 (49 %) 8,003 (54 %) 6,847 (46 %)
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changes in SPROADI (traffic frequencies), provided

detailed data are available to determine the influence

of conflicts arising from seasonal changes in animal

movements.

The complex nature of landscape disturbances

presents difficulties when interpreting the cause and

effect patterns of road and traffic impacts. Future

research is needed to address a wider range of factors

including long-term effects and threshold values

relating to roads and traffic and their impact on the

health of ecosystem. The linear additive character of

SPROADI does not consider potential non-linear

relationships between road- and traffic disturbance

and its effects on biodiversity. However, it can account

for cumulative effects of road disturbance by incor-

porating different measurements in the form of sub-

indices. Although the three sub-indices are strongly

correlated with SPROADI, this does not rule out the

importance of each single factor as a driver of change

in species0 composition and biodiversity.

Applications and outlook

In this study a number of protected areas were

observed to have levels of road-induced disturbance

that were similar to measures recorded in the sur-

rounding landscape. The unexpected high SPROADI

readings for a number of protected areas can be

explained by the lack of consideration of road

infrastructure when selecting and prioritising pro-

tected areas, as already identified by Selva et al.

(2011). Specifically in Germany, the results of this

study indicate there is a need to strengthen the

designation process of roadless areas for protected

areas. Although the German protected area categories

are designed for different conservation purposes they

are not selected using criteria from a systematic top-

down conservation planning procedure. Only pro-

tected areas under the EU Natura 2000 regime are

selected using criteria to represent the distribution

status of priority species and habitats. National policy

on undisturbed areas within conservation areas and

national parks adopts principles more in line with

wilderness protection (BMU 2007). On the other hand,

biosphere reserves, nature parks and landscape con-

servation areas employ a strategy, which seeks to

promote a sustainable coexistence of humans and

nature, a strategy which seems to favour accessibility

for humans over wilderness or road-less areas. The

conservation of modified cultural landscapes is

included in this category (BNatSchG 2010 sect.

25–27; Kunze et al. 2013).

With its focus on traffic disturbance, SPROADI can

be applied to the wider open landscape in the

assessment of ecosystem degradation, and in the

prioritization of sites for conservation. Scientists

may also find use for the index in future research on

species distribution modelling or as part of a proactive

conservation planning strategy. For example it can be

used to predict landscape permeability for species that

are susceptible to multiple effects of traffic and roads

(Spear et al. 2010). Equally, it can be applied in the

analysis of the effects of habitat edges on species

distribution (Zurita et al. 2012). SPROADI can be

adapted to consider land-use changes and spatiotem-

poral variability in the landscape by applying different

weighting schemes, adjusting the radius used to

calculate vicinity impact, or other modifications based

on the purpose and scale of analysis. In any assessment

of landscape fragmentation particular attention should

be given to the influence of natural barriers such as

mountain ridges or rivers.

SPROADI provides an effective means of mon-

itoring general landscape patterns under conditions

of change across space and time. In this regard it

could also improve the assessment of protected

areas for ecosystem services using current or

simulated scenarios for land-use changes, thus

providing a more robust framework for proactive

management. That said, caution should be applied

when using the index in a wider global context as

the information data base on road infrastructure

remains patchy and incomplete in a number of

remote or less developed regions. There is an urgent

need to improve access to high quality, standardised

global data on traffic volumes and other environ-

mental factors. While global data on the distribution

of (major) roads is readily available many of the

minor roads may be absent. Parameters related to

human activity and mobility such as population

density, economic development or presence of urban

settlements, should be explored as they can be used

as proxies for estimating traffic volumes.

SPROADI provides a strong proxy measure for the

impacts of roads on landscapes and biodiversity and

can make a valuable contribution to conservation

planning. In particular, the application of SPROADI

could prove valuable in the design and implementation
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of Green Infrastructure (compare corresponding EU

strategy; European Commission 2010).
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