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Abstract

Despite facilitating transport by low-volume roads for multiple purposes, these roads

also open corridors to the remote pristine forests and accelerate forest dynamics with

deleterious consequences to the forest functionalities and indigenous inhabitants. We

assessed the spatial variations of Hyrcanian forest loss, fragmentation, and degradation

resulting from the expansion of rural, logging, and mine roads between 1966 and 2016

in northeast Iran. Various data were employed to generate a precise road network; the

density of road segments was weighted on the basis of their carrying capacity during

1966–1986, 1986–2000, and 2000–2016. Three dimensions of forest changes were

retrieved using the Landsat time-series and object-based image analysis. The spatial

patterns of high rates of forest changes were clustered using spatial autocorrelation

indicators. The spatial regression models were carried out to explore relationships

between forest change and road expansion. The results showed that rural roads were

upgraded but forest and mine roads remarkably expanded in recent decades. The spa-

tial variations of forest-dynamic patterns have been changing from forest loss

(1966–2000) to forest fragmentation and degradation (1986–2016). The high density

of rural roads was significant on the high rates of forest loss and fragmentation during

1966–2000, and the expansion of forest and mine roads significantly intensified the

rates of fragmentation and degradation during 1986–2016. Our findings suggest for

mitigating destructive schemes over Hyrcanian forests, developing either protected

areas or joining unprotected forests to the reserved areas should be prioritized.
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1 | INTRODUCTION

Although low-volume roads facilitate transport to rural communities,

timber harvesting, mining operations, and resource management

(Douglas, 2017), paradoxically, accelerate deforestation, forest fragmen-

tation, and degradation (Chomitz & Gray, 1996; Trombulak & Frissell,

2000) with deleterious impacts on flora and fauna communities such as

physical disturbances of forests, chemical and nutrient contaminations,
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heavy local mortality of species, proliferation of invasive species, and

facilitation of anthropogenic invasions in the forest ecosystem

(Kleinschroth, Gourlet-Fleury, Gond, Sist, & Healey, 2016; Laurance,

Goosem, & Laurance, 2009; Trombulak & Frissell, 2000). Although the

impacts of the expansion of large-scale road networks on forest frag-

mentation are well documented for different forest ecosystems (Alamgir

et al., 2017), the holistic effects of expanding low-volume road networks

on intensifying deforestation, forest fragmentation, and degradation are

less explored, especially in sensitive ecosystems like Hyrcanian forests

with high species diversity and environmental values.

Forest loss, fragmentation, and degradation are distinctly different

processes. Forest loss results from the conversion of forests to non-

forest lands by direct anthropogenic activities such as clear-cutting of

forests to establish farmlands or settlements (Shirvani, Abdi,

Buchroithner, & Pradhan, 2017; Tejaswi, 2007); forest fragmentation

refers to the breaking up of continuous forest areas into smaller patches

resulting from natural processes or deforestation (Laurance, 2000;

Tejaswi, 2007); and forest degradation is a consequence of declining bio-

mass within forests due to intensive human-natural disturbances such as

logging, mining, droughts, forest fires, and floods (Tejaswi, 2007).

Rural roads profoundly increase spatial patterns of forest loss

because new roads raise the accessibility to the remote forests and

have a pivotal role in increasing population in the frontiers of forests

and lead to forest colonization by clear-cutting to establish farmlands

and settlements (Shirvani et al., 2017) or smuggling timbers (Ali, Ben-

jaminsen, Hammad, & Dick, 2005). Laurance et al. (2002) confirmed

the significant impacts of a high density of paved roads and rural pop-

ulation on the high rates of forest loss in Brazilian Amazonia. Barber,

Cochrane, Souza, and Laurance (2014) concluded that roughly 95% of

all Amazonian deforestation located within a distance of 5.5 km from

the road network, and the unprotected areas nearby roads have

received a remarkable deforestation compared with the protected

areas. In remote forests, the effects of paved and unpaved roads on

forest loss might be higher than the developed areas due to the lack

of conservation programs (Jusys, 2016). Even a small increase in road

density can cause extensive deforestation (Mena, Laso, Martinez, &

Sampedro, 2017). Moreover, expanding and upgrading low-volume

roads open up corridors between settlement areas and remote pris-

tine forests for logging and mining operations that may lead to exten-

sive deforestation and forest degradation, especially in developing

countries (Ali et al., 2005; Laurance et al., 2001). However, forest

roads have an irrefutable role in logging (Sessions, 2007) and fire-

suppressing operations (Abdi et al., 2018; Narayanaraj & Wimberly,

2012). The proliferation of logging roads is considered as a major

driver of forest fragmentation and degradation (Arima, Walker, Perz, &

Caldas, 2005). They adversely affect the biodiversity and forest func-

tionalities such as a major alteration in the forest habitat, soil erosion

(Douglas, 2003; MacDonagh et al., 2010; Malmer & Grip, 1990),

hydrological effects (Boston, 2016; Bruijnzeel, 2004; La Marche &

Lettenmaier, 2001; Sidle, Sasaki, Otsuki, Noguchi, & Rahim Nik, 2004;

Trombulak & Frissell, 2000), and disrupting wildlife populations, their

movement, and behavior (Lees & Peres, 2009; Van Der Hoeven et al.,

2010; Clements et al., 2014; Boston, 2016). Likewise, widespread

mining activities have remarkably increased forest loss in various for-

est ecosystems (Butsic, Baumann, Shortland, Walker, & Kuemmerle,

2015; Caballero Espejo et al., 2018). Mineral extraction has a strong

relationship with infrastructure expansion that leads to mass migra-

tion and farming expansion into the forest frontiers results in a mas-

sive forest loss and forest degradation (Bebbington et al., 2018). In

the Peruvian region of Amazonia, for example, gold mining and road

construction significantly increased during 1999–2012, as only in

2008, they tripled the annual average of forest loss (Asner, Llactayo,

Tupayachi, & Luna, 2013). Sonter et al. (2017) reported that mining-

induced forest loss has extended to approximately 70 km from the

mine frontiers, and about 9% of all Amazonian forest loss were results

from mining operations, only during 2005–2015. Although many of

these studies focused on the distance to roads as a main driver of

deforestation and forest degradation, the impact of road types is less

well documented. We argue that every road highly affects forest loss,

fragmentation, and degradation within its optimal coverage area

(OCA). Therefore, we will explored the weighted density of roads,

which can be retrieved from the total amount of population, logging

volume, and mining weight as the carrying capacity of rural, forest,

and mining roads during a specific period.

The products of high-level United States Geological Survey

(USGS) Landsat Surface Reflectance Climate Data Records (USGS

2018) have remarkably improved the long-term monitoring of forest

dynamics (Hermosilla, Wulder, White, Coops, & Hobart, 2015; Young

et al., 2017) and appraised the driving forces of forest disturbances

such as anthropogenic processes, climate changes, and socioeconomic

pressures at local, regional, and global levels (Kennedy et al., 2014).

Hence, different approaches have been developed to visualize spatial

patterns of forest loss, fragmentation, and degradation using time-

series imagery from pixel to object levels (Riitters, Wickham, Neill,

Jones, & Smith, 2000; Heilman, Strittholt, Slosser, & Dellasala, 2002;

Desclée, Bogaert, & Defourny, 2006; Fischer & Lindenmayer, 2007;

after McIntyre & Hobbs, 1999; Ernst et al., 2010; Raši et al., 2013;

Newman, McLaren, & Wilson, 2014; Hermosilla et al., 2015; Uddin

et al., 2015). However, some new research has demonstrated the

potential of spatial autocorrelation indicators in visualizing spatial pat-

terns of forest changes. The spatial autocorrelation approaches are

robust in conceptualizing spatial relationships among features that

rely on the null hypotheses in analyzing spatial patterns among the

features. They statistically determine significant hot clusters, cold

clusters, and spatial outliers using local spatial autocorrelation indices,

p values, and z score (Anselin, Syabri, & Kho, 2006). Shirvani et al.

(2017), for example, reported the good performance of local spatial

autocorrelation statistics including local univariate spatial autocorrela-

tion (LISA) for visualizing the spatial patterns of deforestation. They

also used the bivariate local spatial autocorrelation (BiLISA) for visual-

izing the spatial patterns of deforestation induced by residential

growth in the Hyrcanian region from 1972 to 2010. Although some

studies proposed spatial autocorrelation indices as an appropriate

alternative for landscape metrics (Fan & Myint, 2014), these indicators

provide valuable attributes of fragmented patches for visualizing spa-

tial patterns of fragmentation at class and landscape levels.
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Southworth, Munroe, and Nagendra (2004) confirmed the potential of

LISA for the visualization of fragmentation intensity in land-cover clas-

ses retrieved from normalized difference vegetation index. Because

the local autocorrelation indicators explore the spatial relationship

between a location and its neighborhoods using different connectivity

approaches; therefore, the integration of traditional metrics and spa-

tial autocorrelation indicators can be considered as a novel approach

in visualizing the spatiotemporal patterns of different dimensions of

forest dynamics. We argue that not only the spatiotemporal variations

of loss, degradation, and fragmentation of forest areas are significant

but also the spatial interdependency between the dimensions of for-

est changes and the expansion of low-volume roads is significant.

The growth rate of population and the demands of rural commu-

nities have caused an unprecedented competition among planners for

expanding timber harvesting and mining schemes in the Hyrcanian

region for several decades. Therefore, road networks are noticeably

developing with weak designation as well as massive environmental

and socioeconomic problems (Caspian Hyrcanian Forest Project,

2013). Hence, long-term investigation of transport development

schemes along with population growth may reveal spatiotemporal

negative impacts of expanding diverse road networks onto the magni-

tude of different types of forest changes (Caspian Hyrcanian Forest

Project, 2013). This is important for the conservation, particularly to

avoid the expansion of new roads in pristine forests or the remedia-

tion of available roads in favor of the forest ecosystem.

In this study, we quantify forest loss, fragmentation, and degrada-

tion resulting from expanding rural roads, forest roads, and mining

roads in the Iranian Hyrcanian region for the last 50 years during three

periods (1966–1986, 1986–2000, and 2000–2016). The three dimen-

sions of forest dynamics are assessed by means of the interpretation

of Landsat time series and object-based image analysis (OBIA) as well

as spatial autocorrelation indicators. We test rigorous spatial dependence

models to determine the relationship between the dimensions of the

three forest dynamics and three road types (i.e., rural, forest, and mining

roads) in the aforementioned times. Our spatial analysis is a combination

of novel approaches for calculating road density and using objects for

visualizing forest loss and fragmentation and analyzing Landsat time series

for estimating forest degradation in the Hyrcanian region.

2 | MATERIALS AND METHODS

2.1 | Study area and data

We selected the eastern part of Hyrcanian forests in the Golestan

Province, Iran, with an area of 445,000 ha (Figure 1), which were less

F IGURE 1 The location of study area in the Hyrcanian forests and the spatial distribution of the current forest management plans, mining
plans, protected forests, and road networks in northeastern Iran [Colour figure can be viewed at wileyonlinelibrary.com]
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affected by human activities in 1966 for the current research. The

study area is divided into 15 rural districts including 195 villages and

eight cities in 2016. The Hyrcanian deciduous broadleaved forests are

the only relics of pristine temperate forests by a rich diversity of

woody species (Knapp, 2005). The largest national park of Iran,

Golestan National Park, is located in this region with about 50% of

total mammal species and 30% of the total birds of Iran and more than

1,400 registered plant species by United Nations Educational, Scien-

tific, and Cultural Organization in 1976 (Akhani & Ziegler, 2002;

Sagheb-Talebi, Sajedi, & Pourhashemi, 2014). The majority of these

forests are located in the mid-altitude (800–1,600 m) that is domi-

nated by tree species of Quercus castaneafolia, Carpinus betulus, Acer

velutinum, Parrotia persica, and Ulmus glabra (Sagheb-Talebi et al.,

2014). Timber harvesting has begun in these forests since 1960s, as

the number of Forest Management Plans (FMPs) has reached 17 cases

in 2016 (Figure 1). Although the single-tree selection method is the

current timber harvesting system in the FMPs, few other harvesting

systems such as clear-cutting and partial cutting (e.g., unique block

and shelterwood) were undertaking during the beginning time periods

of logging operations in Hyrcanian forests (Badraghi, Erler, & Hosseini,

2015; Jourgholami & Majnounian, 2011). Moreover, the number of

mine plans has reached 29 cases in 2016, dominantly coal and quarry

mine types (Figure 1).

We collected required data from a variety of references including

the aerial photos (1:20,000) of 1966; analogue topographic maps

(1:50,000) of 1957; two- and three-dimensional digital topographic

maps (1:25,000) of 1991 and 2003; the open-access Level 1 terrain-

corrected of Landsat 1–5 multispectral scanner data obtained from

1972 to 1986 with a total of 56 candidate images; Landsat surface

reflectance Level 2 science products of Landsat 4–5 Thematic Map-

per, Landsat 7 Enhanced Thematic Mapper Plus, and Landsat 8 Opera-

tional Land Imager from 1986 to 2016 with a total of 278 candidate

images. Population data were obtained from the National Census of

Population and Housing Data (http://www.amar.org.ir) in 1966, 1986,

2001, and 2016 (Statistical Center of Iran, 1966; 1986; 1996; 2000;

2011; 2016). The data of logging volumes were extracted from the

booklets of the FMPs for the parcels in the three study periods. We

retrieved the time-series data of mining plans from the reports of Sta-

tistical Centre of Iran (http://www.amar.org.ir) and online database of

Iranian Mining Organization (http://www.ime.org.ir) as well.

2.2 | Methods

2.2.1 | Expansion of rural, forest, and mine roads
(low-volume roads)

Extraction of road networks

A combination of data from aerial photos, topographic maps, Landsat

data, the maps of FMPs and mine plans, as well as Google Earth images

were used to generate an accurate road network including rural, forest,

and mine haul roads. We vectorized the roads of 1966 from 1:20,000

scale aerial photos and 1:50,000 scale topographic maps. The roads of

1986 and 2000 were updated using 1:25,000 digital topographic maps,

the maps of the FMPs, and Landsat images. Google Earth images were

used to update the changes of roads in 2016 as well. We classified the

road networks into six categories on the basis of the legends of topo-

graphic maps, the layers of the FMPs, and mine plans in the studied years.

Rural roads are classified as low-traffic volume roads to provide access

for multiple uses in nonurban areas, recreational sites, farmlands, and

rangelands (Douglas, 2017). Paved roads, gravel roads, dirt roads, and

local trails are classified as rural roads. Forest roads are designed to serve

logging operations, recreational and scenic attractions, and studying oper-

ations of forest ecosystems. Skid trails, as temporary pathways, are used

for skidding logs to the log landings (Keller & Sherar, 2003). Mine haul

roads are used for transporting variety of trucks for carrying ore and

waste from different types of mines (Tannant & Regensburg, 2001).

Road density

The primary density of rural, forest, and mine roads (RD(r, f, m)) were

calculated by dividing the total length of roads (L) by the extent of res-

idential areas, logging plans, and mining plans for the three periods.

The OCA of roads was determined depending on the average length

of roads (RA) as Equation (1).

RD r, f,mð Þ=
P

L mð Þ
area hað Þ ,RA r, f,mð Þ= 10000

2RD
;OCA r, f,mð Þ= π ×RA2: ð1Þ

To determine the density of roads, we weighted the road segments

on the basis of their carrying capacity including population, logging vol-

ume, and material weight. Weighted road density was calculated in the

neighborhoods of each hexagonal cell, as the length of the segment(s) of

each road falling within the OCA multiplied by its weight (Equation 2).

These weighted values refer to the rural population that has access to a

rural road within a period; the total volume of logging that carried out by

a forest road during the period; and the total weight of mining materials

that carried out by a mine haul road during the period. The total value

was divided by the OCA of the road types (Equation 2).

WRDj r, f,mð Þ=

Pn
i=1

Lij ×W ij

OCAð Þ , ð2Þ

where WRDj is the weighted road density of rural (r), forest (f), and

mine (m) roads at the jth cell in each period; Lij and W ij represent the

length and weight of segment i at the jth cell, respectively.

Changes in road density

We designed a hexagonal cell about the same size as the OCA of the

roads, thus allowing us to localize the changes of road density and for-

est degradation within each hexagonal cell during the three time

periods. The expansion of road density was calculated using Equa-

tion (3) for each hexagonal cell during each period.

DWRDj r, f,mð Þ= WRDbj−WRDaj

WRDbj
, ð3Þ
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where DWRDj is the increased local weighted road density at the jth

hexagonal cell for the rural (r), forest (f), and mine (m) roads; WRDaj

and WRDbj are the local weighted road density at the beginning and

the end of the period at the jth hexagonal cell, respectively.

2.2.2 | Forest loss, fragmentation, and degradation

To obtain three dimensions of forest changes, that is, forest loss,

fragmentation, and degradation, we used a variety of data to derive

accurate forest areas in the four study times including aerial photos

(scale 1:20,000) of 1966 and high-level USGS Landsat Surface

Reflectance Climate Data Records products (USGS 2018) including

Landsat 5 Thematic Mapper (August 10, 1987); Landsat 7 Enhanced

Thematic Mapper Plus (July 20, 2000); and Landsat 8 Operational

Land Imager (August 25, 2016). We selected the images with the

highest quality and the lowest spectral interference of forest and

other vegetation types such as grasslands and croplands. The aerial

photos were registered using Landsat images and merged as a single

photo for facilitating segmentation and object interpretation. We

designed several rules to detect forest, non-forest, and forest-

changed objects using OBIA (Dorren, Maier, & Seijmonsbergen,

2003; Navulur, 2006; Newman et al., 2014; Raši et al., 2013; Uddin

et al., 2015; Willhauck, Schneider, Kok, & Ammer, 2000).

Forests in 1966, 1986, 2000, and 2016

Forest in 1966. We created two new channels1 by conducting the

sharpening and embossing filters on the aerial photos and then we

combined them with the main layer to create a multispectral photo.

Image segmentation was carried out with a scale value of 250 to

delineate homogenous objects of forest and non-forest areas on the

multispectral photo of 1966. Some segments were selected from the

forest and non-forest objects as training data. To improve the accu-

racy of classification, we calculated a variety of ancillary features by

comparing spectral and textural parameters such as brightness and

textures derived from gray-level co-occurrence matrix, for example,

mean, standard deviation, homogeneity, dissimilarity, contrast,

entropy, and angle second moment (Eitzel et al., 2016; Halounová,

2003; Navulur, 2006). We optimized the large dimensions of the fea-

tures to gain the best separation distance and dimension for classifica-

tion. We applied the best result to the classes and then classified

them using the standard nearest neighbor algorithm (Figure 2a).

Forest in 1986, 2000, and 2016. The rule-based classification using

OBIA (Belgiu, Dr�aguţ{t\hskip-0.7ex\char "B8}, & Strobl, 2014; Lewinski,

Bochenek, & Turlej, 2010; Ziaei, Pradhan, & Mansor, 2014) was applied

to detect forest and non-forest classes within the Landsat 5, Landsat

7, and Landsat 8 images. We used multiresolution segmentation algo-

rithm for the formation of segment objects from the Landsat images.

The optimal scale parameters were determined by trial and error, with a

higher weight for near-infrared (NIR) band and a higher value of com-

pactness than shape. We defined land use features following the Level

2 of USGS classification system (Anderson, 1976) to obtain an accurate

forest classification. After sampling, various ancillary features were gen-

erated with respect to the spectral, textural, and contextual properties

of the multispectral images including the spectral features such as the

mean, standard deviation (SD), brightness and maximum difference

(max. diff.); vegetation indices such as green vegetation index (Aguilar

et al., 2016) and enhanced vegetation index 2 (EVI2); the textural

features derived from the gray-level co-occurrence matrix

(e.g., mean, standard deviation, homogeneity, dissimilarity, contrast,

entropy, and angle second moment); the contextual features such

as the vicinity to the forest layer of the previous time; and topo-

graphic features such as slope. Following that, we determined the

thresholds of the object features for each land-use class and exam-

ined a set of rules for extracting the forests of 1986, 2000, and

2016 (Figure 2b–d). The accuracy of forest layers was validated

using provided ground truth samples and confusion matrix through

user's accuracy, producer's accuracy, observed agreement, and

kappa coefficient (Gómez, Biging, & Montero, 2008).

Forest loss

We calculated the rate of forest loss within each hexagonal cell for a

particular time period using Equation (4) (Shirvani et al., 2017).

Fl =
Fa−Fb
Fa*T

, ð4Þ

where T is the total number of years for a particular time period, and

Fa and Fb are the areas of the forest at the beginning and the end of

the period, respectively.

Spatial autocorrelation indicators (Anselin, 1995) were used to

examine whether spatial relationships shape the patterns of forest loss

throughout the study area by the global Moran's I and within the cells

by LISA. The output maps of LISA include the clusters that determine

where cells with high rates of forest loss surrounded by each other

(high–high) and where cells with low rates of forest loss are in the

neighborhood of each other (low–low) and also the outliers that deter-

mine if a cell with a high rate of forest loss is surrounded by cells with

low rates of forest loss (high–low) or a cell with a low rate of forest

loss is surrounded by cells with high rates of forest loss (low–high).

Forest fragmentation

Forest patches were created by overlaying the road segments on

the forest polygons of 1966, 1986, 2000, and 2016. The fragmen-

tation rate of patches was calculated using three metrics including

edge density, the average amount of edge per patch, and mean

shape index (McGarigal & Marks, 1995) within the hexagonal cells

for each study period. Following that, we used the global Moran's

I and LISA (Anselin et al., 2006) to depict the clusters (high–high

and low–low) and outliers (high–low and low–high) of forest

fragmentation.

Forest degradation

Although some forests of the Hyrcanian region were not affected by

direct driving forces of forest loss and forest fragmentation, they were
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degraded by intensive human activities such as timber harvesting,

mining, and forest fires, which may decrease the density and quality

of forest types. To address this issue, Landsat time-series images were

analyzed from 1972 to 1986, 1987 to 2000, and 2001 to 2016. We

selected the images obtained during August, September, or October

of each year with the cloud cover less than 10%. Because the level of

F IGURE 2 The workflows of forest extraction from (a) the aerial photos and object-based standard nearest neighbor classification for 1966
and the Landsat imagery and rule-based object-oriented classification for (b) 1986, (c) 2000, (d) and 2016 in northeast Iran. Abbreviations: EVI2,
enhanced vegetation index 2; GLCM, gray-level co-occurrence matrix; GVI, green vegetation index; max. diff., maximum difference; stdDev.,
standard deviation [Colour figure can be viewed at wileyonlinelibrary.com]
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correction of images was 1T in the first period, the radiometric and

atmospheric corrections were applied on the Landsat images using

dark-object subtraction technique (Chavez, 1988), and topographic

correction was applied using C-correction approach (Teillet,

Guindon, & Goodenough, 1982). Moreover, we masked all cloud and

forest loss patches within the images for minimizing their effects on

the time-series anomalies. We retrieved forest density using the

EVI2 (Jiang, Huete, Didan, & Miura, 2008), calculated from NIR and

red bands, for the selected month of each year (Equation 5). Then

the degree of forest degradation was calculated for a specific year

(Xi) in comparison with the mean (μ) and standard deviation (σ) of

the forest density during the period using the z-scores distribution

(Equation 6; Hald, 1952). The final forest degradation value was cal-

culated as the median of z scores of total years within a cell during

each period. The output values range between −4 and +4 as a

higher negative value indicates a higher degree of forest degrada-

tion and a higher positive value indicates a higher degree of forest

virginity.

EVI2 =2:5×
NIR−Red

NIR+2:4×Red+1
: ð5Þ

zi =
Xi−μ

σ
: ð6Þ

2.2.3 | Spatiotemporal autocorrelation of road
expansion and forest changes

The BiLISA (Anselin, Syabri, & Smirnov, 2002) was used to find the

relationships between the expansion of road density at a period and

its neighborhoods in a previous time period. Likewise, we analyzed

the effects of forest changes in a period on the forest changes in the

next period. The computation of bivariate local Moran's I is as follows:

IB =

P
i

P
j
wijz p−1ð Þj × z pð Þi

 !
P

iz
2
pð Þi

, ð7Þ

where z(p) and z(p − 1) are the standardized z scores of a period and the

previous period, respectively. wij is the spatial weights matrix between

the location i and its neighborhoods j, which is defined on the basis of

the queen contiguity matrix with a first order of neighbor in a 3 × 3

matrix (Anselin & Rey, 2014; Cliff & Ord, 1973).

2.2.4 | Spatial relationships between forest
changes and road density expansion

Spatial regression models were used to find associations between the

magnitude of three dimensions of forest change and the expansion of

the density of three road types during the three periods. The spatial

lag and spatial error models are calculated using Equations (8) and (9)

(Anselin & Rey, 2014), respectively.

Y = ρWy +Xβ + u, ð8Þ

Y =Xβ + ʎW + ɛ, ð9Þ

where Y is the rate of forest loss, forest fragmentation, or forest deg-

radation for a period; Wy is the spatially lagged dependent variable

with spatial coefficient ρ; X is the explanatory variables (weighted

density of rural, forest, and mine roads) with coefficient ß; and u is the

term of errors in the spatial lag model, which is decomposed to the

spatial lag of the errors with the spatial autoregressive parameter λ

and a normal distributed error (ɛ).

We tested the existence of spatial dependence using the parame-

ters of Lagrange multiplier statistics and Moran's I at the 95% confi-

dence level (Anselin & Rey, 2014). Moreover, the superior spatial

regression models were selected using the highest values of R2 and

the lowest values of Akaike information criterion from the comparison

of the spatial models (Anselin & Rey, 2014).

3 | RESULTS

3.1 | Extraction of road networks

The density of rural roads increased from 3.64 m ha−1 in 1986 to

4.56 m ha−1 in 2000; however, it slightly decreased to 4.35 m ha−1 in

2016. The growth of population led to rural road development during

the periods of 1966–1986 and 1986–2000; the annual population

growth was approximately 7.07% and 2.12% during these time

periods. The comparison of rural roads revealed that many of the

paved and gravel roads were results from upgrading the the trail or

gravel roads, especially in 1986 and 2000 (Figure 3). However, the

road density decreased during the third period.

The density of forest roads and mine haul roads gradually increased

from 1966 to 2016 (Figure 3). The number of logging plans increased

from 10 in 1986 to 17 FMPs in 2016. Logging operations were

implemented in 644 parcels (45,935 ha) during the period of

1966–1986, of which 178,671 m of forest road were constructed for

transporting the logs to the market. Whereas, the number of logging

areas reached 956 parcels (71,383 ha) in 2000, and about 260,893 m of

new roads were established during this time period. Furthermore, the

number of logging areas (1,159 parcels) slightly increased in 2016 as

about 304,508 m of new roads were constructed over the FMPs during

the third time period (Figure 3). Likewise, the development of mining

plans remarkably increased the length of mine roads to 229,315 m in the

second period and 436,826 m in the third period (Figure 3). The number

of mine plans dramatically increased from 3 in 1986 to 29 plans in 2016.

3.2 | Changes in road density

The overall aggregate of average population density reveals that

approximately 795 n ha−1 during 1966–1986, 1,446 n ha−1 during

1986–2000, and 1,753 n ha−1 during 2000–2016 were distributed
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along the rural roads. The spatial variation of weighted road density

shows a decrease in population nearby villages from 1966 to 2016

and a significant increase in population nearby cities during the

periods of 1986–2000 and 2000–2016 (Figure 4). The number of cit-

ies increased from four in 1966 to nine in 2016, which led to the

development of the rural roads from 565 to 1,898 km during the

study time. In contrast, the length of trail roads decreased from

2,062 km in 1966 to 1,365 km in 2016. The majority of villages was

using the trail roads, particularly, over the central and southern parts

of the study area during the beginning of 1966–1986 (Figure 4a); as a

higher population density was recorded across the trail roads in this

time period in comparison with the second and third time periods

(Figure 4d,g).

The spatiotemporal variations of the weighted density of forest

roads indicated that the average of logging volume of parcels within

the OCA of roads was higher than the parcels out of the OCA of roads

during the second and third time periods, unlike the first time period

(Figure 4). The highest difference value was obtained during the third

time period by an average of 27.71 m3 ha−1 in the parcels within the

OCA, which was about 9.81 m3 ha−1 higher than the parcels out of

the OCA of roads (Figure 4h). The average of logging volume was

about 27.75 m3 ha−1 in the parcels within the OCA of roads, which

was about 5.07 m3 ha−1 higher than other parcels during the second

time period (Figure 4e). However, the average of logging volume in

the parcels out of OCA of forest roads (12.41 m3 ha−1) was higher

than the parcels in OCA of the roads (7.78 m3 ha−1) during the first

period (Figure 4b). Likewise, the spatiotemporal variations of the

weighted density of mine roads show that the average of mining

extraction in the OCA of mine roads was remarkably higher than the

plans out of the OCA of roads during three time periods (Figure 4c,f,i).

The average of mining extraction was obtained: 858, 1,037.7, and

1,811.54 t ha−1 out of the OCA of mine roads; and 2,503, 2,920.86,

and 3,144.2 t ha−1 in the OCA of the roads over three time periods,

respectively.

F IGURE 3 Rural roads are upgraded from low levels to the high levels from (a) 1966 to (b) 1986, (c) 2000, (d) and 2016. Unlike the cities,
population density steadily decreased in the rural areas between 1986 and 2016 in northeast Iran. However, forest and mine roads increasingly
expanded from (b) 1986 to (c) 2000 and (d) 2016 in northeast Iran [Colour figure can be viewed at wileyonlinelibrary.com]
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3.3 | Changes in forests

3.3.1 | Forest loss

The results of image classification showed that the object-based

approaches performed satisfactory accuracy for discriminating forest

from non-forest objects either by aerial photos in 1966 or Landsat

images from 1986 to 2016 (Table 1). The comparison of forest areas

revealed that the rates of forest loss decreased from 1966 to 2016

in northeast Iran: about 20,973 ha during 1966–1986; 17,678 ha

during 1986–2000; and 6,258 ha during 2000–2016. Forest loss

showed significant spatiotemporal autocorrelation (p value < .05) by

I = .662, I = .674, and I = .557 in the three time periods, respectively.

The clusters with high rates of forest loss (high–high) are distributed

in the northern parts of the region nearby the population centers

and roads during the first time period (Figure 5a). These clusters

extended to the central and southern parts of the forests during the

second period (Figure 5d), with higher concentration in the southern

parts during the third period (Figure 5g). Moreover, spatiotemporal

correlation was significant between forest losses during the second

period and the first period (IB = .246, p value < .05). Figure 6a depicts

that the high–high clusters of forest loss in the second time period

are formed in the neighborhoods of forest loss areas in the first time

period. Likewise, the clusters of forest loss in the third time period

were in the neighborhoods of the high–high cluster in the second

time period (IB = .461, p value < .05). There are some scattered areas

with a high rate of forest loss during the third time period that have

received a low rate of forest loss during the second time period

(high–low) in the western and southern parts of the study area

(Figure 6d).

F IGURE 4 Weighted density of the rural roads from (a) 1966–1986 towards (d) 1986–2000 and (g) 2000–2016 has decreased; however, the
weighted density of forest roads and mine haul roads from (b,c) 1966–1986 towards (e,f) 1986–2000 (h,i) and 2000–2016 has been increased in
the eastern part of Hyrcanian forests [Colour figure can be viewed at wileyonlinelibrary.com]

1470 SHIRVANI ET AL.

http://wileyonlinelibrary.com


3.3.2 | Forest fragmentation

The analysis of classified forest patches indicated that the rate of for-

est fragmentation has significantly increased from 1966 to 2016. The

number of forest patches has increased from 667 patches in 1966 to

1,086 patches in 2016; the average area of forest patches declined

from 521 to 273 ha; and the average length of edges has increased

from 4.6 to 5.6 km. High–high clusters of fragmented forests are

TABLE 1 Accuracy assessment results of object-based classification of forest and non-forest categories using aerial photos and Landsat
images in northeast, Iran

Metric Category User's accuracy Producer's accuracy

Time 1966 1986 2000 2016 1966 1986 2000 2016

Method NN RB RB RB NN RB RB RB

Category Forest 0.8102 0.9423 0.9245 0.96 0.9911 0.9608 0.9608 0.9320

Nonforest 0.9841 0.9583 0.9574 0.93 0.7045 0.9388 0.9184 0.9588

Observed agreement 0.865 0.95 0.94 0.945 — — — —

Kappa coefficient 0.7175 0.8999 0.8798 0.89 — — — —

Note: NN, nearest neighbor classification; and R, rule-based classification using object-based image analysis.

F IGURE 5 Spatial patterns of forest loss show that the trend of forest loss has decreased from (a) 1966–1986 and (d) 1986–2000 towards
(g) 2000–2016 in Hyrcanian forests. However, the scatter of forest fragmentation is broader in the (h) third time period in comparison with the
(e) second and the (b) first time periods. Likewise, multiple high–high clusters of forest degradation emerged in the heart of the forest in the time
period (i) 2000–2016 in comparison with the time periods (f) 1986–2000, and (c) 1966–1986 [Colour figure can be viewed at
wileyonlinelibrary.com]
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distributed in the central parts of the study area during 1966–1986,

which extended to the western parts during 1986–2000, and

throughout the region—except the protected area in the east—during

2000–2016 (Figure 5b,e,h).

The rate of forest fragmentation showed a significant positive

correlation in the second and third time periods with their neighbor-

hoods in the first (IB = .351, p value < .05) and second (IB = .4746,

p value < .05) time periods. However, there are some locations with a

high rate of fragmentation in a upper time period and low rate of frag-

mentation of their neighborhoods in the lower time period (high–low),

which indicate the temporal increase of forest fragmentation in the

study area (Figure 6b,e).

3.3.3 | Forest degradation

The rate of forest degradation has increased from 1966 to 2016.

The average rates of forest degradation obtained 3.18%, 4.6%, and

7.0% during the three time periods, respectively. Moreover, spatio-

temporal patterns of forest degradation showed a significant posi-

tive autocorrelation in the three time periods (I = .611, I = .608, and

I = .634). Although the high–high clusters of forest degradation are

distributed at the margins of forests (Figure 5c), they have emerged

at the heart of the forests during the second and third time periods

(Figure 5f,i).

3.4 | Spatiotemporal autocorrelation of road
expansion and forest changes

Spatiotemporal autocorrelation of forest degradation showed a signif-

icant negative correlation between the time periods of 1986–2000

and 1966–1986 (IB = −.0209, p value < .05) unlike 2000–2016 and

1986–2000 (IB = .0720, p value < .05). Although there are some loca-

tions with high–high clusters, the number of locations with high rates

of degradation during 1986–2000 and low rates of degradation in

their neighborhoods during 1966–1986 indicates the increase of for-

est degradation during 1986–2000 (Figure 6c,f).

3.5 | Spatial relationships of forest changes and
road density expansion

The diagnostic tests for spatial dependence show that there are signif-

icant spatial relationships between three dimensions of forest changes

and the expansion of three types of roads in the three study time

periods (Table 2). Lagrange multiplier indicates that spatial error was

the superior model to describe forest loss induced by the expansion

of roads during 1966–1986 and 1986–2000, and forest fragmenta-

tion and forest degradation were affected by the expansion of roads

in the three time periods. On the other hand, spatial lag shows higher

performance than the spatial error in expressing forest loss induced

by the expansion of roads during 1986–2000 and 2000–2016

(Table 3a).

Although the expansion of rural (ß = .030), forest (ß = .066), and

mine (ß = .108) roads significantly (p value < .01) affected forest loss

during the second time period, only rural road (ß = .131) shows signifi-

cant coefficient in the first time period (Table 3a). There is no signifi-

cant relationship (p value > .05) between forest loss and the

expansion of the three road types in the third time period (Table 3a).

The expansion of forest roads was a significant variable in intensi-

fying forest fragmentation during the three time periods (Table 3b).

The coefficients of forest road have remarkably increased from the

time period of 1966–1986 (ß = .057, p value < .05) to 1986–2000

(ß = .096, p value < .05) and 2000–2016 (ß = .306, p value < .01).

Moreover, the coefficients of mine road were positive and significant

during 1986–2000 (ß = .049, p value < .05) and 2000–2016 (ß = .177,

p value < .01). The expansion of rural road was only significant on the

fragmentation of forests during 1966–1986 (ß = .049, p value < .01;

Table 3b).

The coefficients of mine road were positive in expressing forest

degradation during the three time periods; however, strong effects

were recorded during 1986–2000 (ß = .224, p value < .01) and

2000–2016 (ß = .109, p value < .01). Likewise, the coefficients of rural

road were positive and significant (p value<.01) during 1966–1986

(ß = .766) and 1986–2000 (ß = .167), but the expansion of forest

roads was only significant on the forest degradation during

1986–2000 (ß = .110, p value < .01; Table 3c).

4 | DISCUSSION

4.1 | Upgrading rural roads and expanding forest
and mine roads

The results of road changes show that the density of rural roads grad-

ually declined from 1966 to 2016 (Figure 4). Some relocation efforts

led to a decline in the population of rural areas, causing a decrease of

road density during 2000–2016; some villages were destroyed

because of the devastating flood of 2001 in the east of the study area,

which the government decided to resettle inhabitants to the new

remote complex villages from the forest areas (Japan International

Cooperation Agency, 2006). Furthermore, the conservation plans of

removing livestock from the forests have been implemented over all

the villages by less than 20 households or dispersed single households

in the forest areas since 2002 (Rezaee & Moayeri, 2014). However,

the density of forest roads and mine haul roads sharply increased

especially during 1986–2016 (Figure 4). The traditional systems such

as horse and mule logging were extensively used for skidding logs

throughout the Hyrcanian forests during 1966–1986. Logging opera-

tions were sporadically conducted depending on the small-scale tim-

ber harvesting methods in the FMPs; as this system is less dependent

on the dense road networks, therefore, forest road networks were

less developed (Figure 4b). Since the 1980s, the system of timber
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harvesting has gradually converted from animal power to a mecha-

nized method; as the density of forest roads has been increased in the

FMPs; therefore, parcels in neighborhoods of the roads recorded

higher volumes of logging, particularly during 2000–2016 (Figure 4e,

h). Despite the current government's actions for mitigating the inten-

sive timber harvesting in the Hyrcanian forests, the construction of

forest road networks has been accelerating during the recent decades.

The logging operations have intensified along with the development

of the forest roads with a higher density in the western and eastern

parcels of the study area (Figure 4h). Moreover, skidding trails were

developed for skidding logs in the locations with a weak coverage of

forest road network during the third period. Ample damage induced

by skidding trails to the seedlings, residual trees, and soil compaction

has been reported throughout the world (Buckley, Crow, Nauertz, &

Schulz, 2003; Cudzik, Brennensthul, Białczyk, & Czarnecki, 2017; Gul-

lison & Hardner, 1993; Modrý & Hubený, 2003; Tsioras & Liamas,

2015), as well as in the Hyrcanian forests (Badraghi et al., 2015;

Jamshidi, Jaeger, Raafatnia, & Tabari, 2008; Jourgholami, 2012).

Furthermore, the mechanization of mining has increased the

operations and mine haul roads in the forest areas of northeast Iran.

Although the legislation of eliminating destructive development

schemes in the forests was ascertained by the parliament, the explora-

tion and development of some mine types such as coal and dimension

stones were predestined with the discretion of the Iranian Depart-

ment of Environment (Islamic Consultative Assembly of Iran, 2003).

The underground and open-cast mining are both increasing. For

example, the active sites of underground coal mines have increased

from 6 in 2000 to 16 sites in 2016 due to their profitability in provid-

ing employment and fossil fuels by the organization of industry, mines,

and trade of the Golestan Province. Likewise, the open-cast mines

have been increased for mining limestone and gravelly materials, for

example, the Nilkooh limestone mine in the southeast of the study

area (Figure 7).

4.2 | Declining forest loss and increasing forest
fragmentation and degradation

The trend of spatial patterns of forest changes has been changing

from forest loss in the past decades to forest fragmentation and forest

degradation in the recent decades in the Hyrcanian forests, northeast

Iran. Forest loss has been centralized along the population centres in

the lowland verges during the first and second time periods

(Figure 5a,d). The residential growth rate was annually about 10% and

2% in the rural and urban areas, respectively; the population has

increased from 94,200 inhabitants in 1966 to 299,700 inhabitants in

F IGURE 6 Spatial patterns of forest loss show that high–high clusters in (a) the time period 1986–2000 are surrounded by the same clusters
in the time period 1966–1986 as well as in (d) the time periods 2000–2016 and 1986–2000. Likewise, significant positive spatial correlations
occurred between forest fragmentation in (b) the time periods 1986–2000 and 1966–1986 as well as between (e) 2000–2016 and 1986–2000.
Prevalence of high-low outliers of forest degradation between (c) 1986–2000 and 1966–1986 indicates the expansion of forest degradation
trend throughout the Hyrcanian forests [Colour figure can be viewed at wileyonlinelibrary.com]
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2000 (Statistical Center of Iran, 1966; 1986; 1996; 2011; 2016).

Sprawling in residential areas and expanding of farmlands were

reported as the main driving forces of forest loss in northeastern Iran

(Shirvani et al., 2017). In the forested area, the annual rate of forest

loss was obtained about 0.3% in 1966–2000, which was less than the

annual rate of deforestation of 0.85 that reported by Shirvani et al.,

2017 for the entire basin, as its population density and residential

growth were lower than the entire basin during this period of time. In

2000–2016, forest loss declined approximately 70% and 65% in com-

parison with the forest loss during 1966–1986 and 2000–2016;

BiLISA maps confirm that spatial patterns of forest losses are signifi-

cantly correlated between 1986–2000 and 1966–1986 (Figure 6a)

and 2000–2016 and 1986–2000 (Figure 6b). The primary causes for

the decline of forest loss are the evacuation of some indigenous

inhabitants from the forests to the established new counties and the

dispossession of the majority of livestock holders from the forests

and montane grasslands towards semi-steppe grasslands during the

last period (Abdi, Shirvani, & Buchroithner, 2018).

Although the trajectory of forest loss is declining in 2016, forest

fragmentation and forest degradation are increasingly growing due to

the proliferation of development projects and infrastructure in the pris-

tine forests. Since the 1980s, timber harvesting and mining have been

rapidly growing and then forest road and mine haul road networks have

been expanding, which penetrated the heart of forests for transporting

logs and mineral materials. In the second and third periods, the average

of logging was 2.8- and 1.8-times higher than the average of logging in

the first period in the FMPs (Figure 4b,e,h). Moreover, the average of

mineral exploration of these two periods was 2.04- and 9.2-times

higher than the first period in the mining plans (Figure 4c,f,i).

The continuous areas of forests have been breaking up into

smaller segments from 1966 to 2016, as the proportion of segments

in 2016 is 1.63-times of the forest segments in 1966. The high rates

of forest loss and the expansion of the rural roads increased the forest

edges at the end of the first time period, as about 11.56% of the for-

ests are falling into the high–high cluster of fragmentation in 1986

(Figure 5b). Following that, the development of logging and mining

projects caused proliferation of forest roads and mine haul roads

within pristine forests as well, which led to increasing high fragmenta-

tion areas to 11.30% and 11.40% in 2000 and 2016, respectively

(Figure 5e,h). The protected areas—with the minimum amount of road

development—showed a few significant values of high–high fragmen-

tation (Hawbaker, Radeloff, Clayton, Hammer, & Gonzalez-Abraham,

2006; Newman et al., 2014) over all time periods; a good example of

less fragmented protected area is the Golestan National Park in the

northeast of the study area (Figure 5b,e,h).

In 1966–2000, high forest degradation (high–high) is distributed in

the southern and western verges of forests where they are adjacent to

the rangelands, therefore, the overgrazing of livestock was likely one of

the main causes of the high degradation in these parts of the forests

(Figure 5c,f). Although the rate of degradation significantly decreased

by removing livestock within the forests and rangelands plans in the

third time period (Figure 5(i)), mining operations have started from the

central forests since the period 1966–2000 (Figure 4c) and have beenT
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extended steadily and continuously to the western and eastern parts of

the study area during 2000–2016 (Figure 4i). Roughly 28% of the

underground mine areas are directly located in the high–high clusters

of degradation, and about 18% of them are in the low–low clusters dur-

ing 2000–2016. Moreover, about 60% and 40% of the open-cast mine

areas fall into the high–high and low–low clusters of degradation in this

time period (Figure 8). However, some high–high clusters of forest deg-

radation do not fall into the mining sites in the southeast of the study

area, they are surrounded by the rural areas that are providing work-

forces for the mining and logging operations. Also many of these work-

forces are involve in other activities such as traditional farming and

stock raising in the frontiers of the forests and mining plans. This find-

ing is consistent with the earlier studies that showed forests are cleared

for material extractions or degraded for infrastructure development in

developing countries (Alvarez-Berríos & Aide, 2015; Bebbington et al.,

2018; Butsic et al., 2015; Sonter et al., 2017). The high number of

requests for and approvals of mining concessions is a serious threat for

the degradation of the remaining pristine areas of Hyrcanian forests. As

some recent research have pointed to mining expansions as the real risk

for the protected areas and indigenous territories in the forest ecosys-

tems (Bebbington et al., 2018; Butt et al., 2013; Potapov et al., 2017;

Sonter et al., 2017). Furthermore, forest degradation is significant in the

parcels that were affected by timber harvesting, though the class of

degradation is dominated by the low–low cluster, intensive logging can

modify these areas into the high–high cluster in the future. Moreover,

the overlaps between logging and mining operations created extensive

forest degradation (high–high) during 2000–2016 (Figure 8). However,

the protected areas recorded few high values of degradation

(Hawbaker et al., 2006; Newman et al., 2014) in small portions, which

indicate that the development projects such as mining and logging sig-

nificantly increased high values of degradation in the unprotected areas

of Hyrcanian forests (Figure 8). Nevertheless, logging and mining opera-

tions were extended to the frontier or even inside the protected areas

during 2000–2016 (Figure 8).

TABLE 3 Spatial relationships between the standardized rates of (a) forest loss, (b) fragmentation, and (c) degradation with the expansion of
rural, forest, and mine roads

(a)
1966–1986 1986–2000 2000–2016

Variable OLS LS SE OLS LS SE OLS LS SE

Constant 0.0632ns −0.0137ns −0.0526ns 1.9217** 0.5223** 1.0047** −0.0230ns −0.0272ns −0.0419ns

Rural road 0.1010** 0.06315** 0.1309** 0.1776** 0.0307** 0.0089* 0.0083ns −0.0027ns −0.0113**

Forest road 0.0687* 0.0305ns 0.0561ns 0.5407** 0.0666** 0.0134 - - -

Mine road −0.1853* −0.0545ns 0.0050ns 0.1454ns 0.1083** 0.1058** −0.0164ns −0.0127ns −0.0170ns

ʎwy - 0.4988** - - 0.9002** - - 0.4562**

Lambda (ʎwv) - - 0.5050** - - 0.9195** - - 0.45642**

R2 0.0124 0.2789 0.2825 0.0717 0.9271 0.9354 0.0001 0.2732 0.2734

AIC 11,169.4 10,270.6 10,258.3 8,284.45 2,131.98 1913.29 5,248.59 4,819.48 4,817.26

(b)

Constant −0.0110ns −0.0300* −0.0466** 1.5808** 1.0788* 1.4599** 0.18904** 0.13202** 0.1771**

Rural road 0.0433** 0.0342** 0.0493** −0.0261* −0.0208ns −0.0264ns −0.0194ns −0.0167ns −0.0205ns

Forest road 0.0909* 0.0725* 0.0570* 0.0463ns 0.0366ns 0.0963* 0.2789** 0.2234** 0.3062**

Mine road 0.0477ns 0.0403ns −0.00001ns 0.00001** 0.00001** 0.0486* 0.1383* 0.1155* 0.1769**

ʎwy - 0.2948** - - 0.2703** - - 0.2637** -

Lambda (ʎwv) - - 0.2961** - - 0.2712** - - 0.2713**

R2 0.0040 0.0977 0.0986 0.0149 0.0909 0.0913 0.0277 0.0995 0.1031

AIC 16,433.2 15,972.5 15,967.2 18,031.9 17,669.1 17,665.4 18,587.1 18,226.6 18,207.1

(c)

Constant −0.1162* −0.0346ns −0.1174ns 0.1631** 0.0740* 0.1343* 0.0436ns 0.0272ns 0.0662ns

Rural road 0.5814** 0.2675** 0.7669** 0.1353** 0.0823** 0.1675** 0.0261ns −0.0011ns −0.0092ns

Forest road −0.1242** −0.0393ns −0.0754ns 0.0655** 0.0393* 0.1102** −0.0316ns −0.0041ns 0.00026ns

Mine road 0.2280** 0.0699ns 0.1067ns 0.1584** 0.1051** 0.2244** 0.0685* 0.0448* 0.1095**

ʎwy - 0.6594 - - 0.5350** - - 0.6567** -

Lambda (ʎwv) - - 0.6624** - - 0.5464** - - 0.6572**

R2 0.0505 0.4510 0.4519 0.0211 0.3276 0.3352 0.0022 0.4302 0.4307

AIC 4,877.33 4,206.44 4,204.23 9,925.08 8,940.46 8,914.92 13,071.7 11,087.3 11,082.2

Abbreviations: AIC, Akaike information criterion; ns, not significant; OLS, ordinary least squares; SE, spatial error; SL, spatial lag.

*p value < .05; **p value < .01.

SHIRVANI ET AL. 1475



4.3 | Different impacts of low-volume road types
on the forest loss, fragmentation, and degradation

We found that the dense rural roads entailed severe forest loss and

forest degradation in the northeast Iran particularly between 1966

and 2000. However, its coefficient is positive but not significant

during 2000–2016 (p value > .05). In the second and third periods,

although the average population density was 1.82- and 2.31-times of

the first period along the rural roads, the spatial variations of popula-

tion show that the density of population steadily moved from the for-

est areas towards the vicinity of cities in the second and third periods

(Figure 4a,d,g). Hence, the expansion of rural roads facilitated access

F IGURE 8 In the period
2000–2016, the operations of
underground and open-cast mining
caused significant high values of forest
degradation within the mines'
explorations and beyond the mines;
logging operations caused low but
significant forest degradation within
the parcels; locations with overlaps of
mining and logging operations received
high values of degradation; protected
areas received low degradation unlike
the unprotected areas [Colour figure
can be viewed at
wileyonlinelibrary.com]

F IGURE 7 Intensified limestone extraction by the strip mine of Nilkooh has accelerated forest loss and forest degradation in northeast Iran
(about 3 km away from Galikesh City): the aerial photo shows that the hillside of the mountain was covered by natural forests in (a) 1966; the
factory of Peyvand Golestan Cement was established near to the Nilkooh mount in 2003 and mining operations and road construction have been

started since (b) 2011–2012; about 16 ha of forest removed for mining in (c) 2013; the mining area expanded to 22.43 and 23.82 ha in (d) 2016
and (e) 2018; and the mine blasting ignited forest fire in (f) July 17, 2018 and burned about 9.7 ha of the adjacent forests [Colour figure can be
viewed at wileyonlinelibrary.com]

1476 SHIRVANI ET AL.

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


by follow on population for shifting forest to croplands and pastures

and illegal logging by the consequences of significant forest loss and

forest degradation (Ali et al., 2005; Barber et al., 2014; Jusys, 2016;

Laurance et al., 2002; Mena et al., 2017) in the optimal area of the

rural roads from 1966 to 2000. However, the expansion of rural roads

steadily continued during 2000–2016, and declining population den-

sity within the forest areas caused lower weight values along the rural

roads; therefore, three dimensions of forest changes showed no sig-

nificant relationships with the expansion of rural roads in this period

of time (Table 3). These results support our argument that the alloca-

tion of weight values for road segments in their optimal area has

higher efficiency than the calculation of road distance in the entire

study area, which was applied by earlier studies (Barber et al., 2014;

Heilman et al., 2002; Jusys, 2016; Laurance et al., 2002; Mena et al.,

2017; Riitters et al., 2000) for modeling spatial impacts of road expan-

sion on deforestation and forest degradation.

Although forest roads showed the highest impacts on the forest

fragmentation from 1966 to 2016, their impacts on the forest loss and

forest degradation were merely significant during 1986–2000 (Table 3).

With the expansion of logging concessions and mechanizations over

the 1980s, the rates of timber harvesting and forest road construction

accelerated within the natural forest stands focused on high-growing

stock commercial tree species in the Hyrcanian forests. The length of

forest roads increased from 178 km in 1986 to 439 km in 2000 and

744 km in 2016 throughout the study area. In addition, the rates of log-

ging heightened from 0.62 m3 ha−1 yr−1 in 1966–1986 to over

1.62 m3 ha−1 yr−1 in 1986–2000 and 1.19 m3 ha−1 yr−1 in 2000–2016

(Figure 4b,e,h). Likely, some logging operations such as clear-cutting

and partial cutting along with intensive logging (1.98 m3 ha−1 yr−1)

within the optimal area of roads increased forest loss and forest degra-

dation during 1986–2000 (Figure 4e). However, changing timber

harvesting system to selective logging decreased the rates of deforesta-

tion and forest degradation associated with logging and road building

during 2000–2016, but its demand for a maximum coverage area by

road network has significantly intensified road building and forest frag-

mentation in the northeast Iran. A number of studies verified significant

forest loss, fragmentation, or degradation induced by the expansion of

road networks within the forest ecosystems (Ali et al., 2005; Barber

et al., 2014; Hawbaker et al., 2006; Mena et al., 2017; Newman et al.,

2014). Nevertheless, it is important to distinguish between the intensity

of these three dimensions of forest dynamics resulting from the expan-

sion of forest roads or other road types.

The development of underground and open-cast mines increas-

ingly expanded the length of mine roads from about 40 km in 1986 to

over 435 km in 2016 within these forests. The expansion of mine

roads was significant on forest loss, fragmentation, and degradation in

the optimal areas of the roads since 1986 (Table 3b,c); however, its

impact was continued on the forest loss only until 2000 (Table 3a).

These road types are proliferated from the nearest rural roads and

facilitated access by follow on population for shifting forest to crop-

lands and illegal logging. As we discussed in the previous section, the

significant forest fragmentation and degradation are occurring due to

the underground and open-cast mining operations (Figure 8) with the

most terrifying intensification in the optimal areas of the mine roads

(Table 3b,c). However, sprawling open-cast mines are less than under-

ground mines in these forests, as they created massive deforestation

and forest fires, destruction of the forest landscape, for instance, the

Nilkooh mine (Figure 7), soil erosion and deposit of a large amount of

sediments into rivers, and pollution of the water table (Bell & Donn-

elly, 2014; Miranda et al., 2003). A small-scale intensified strip mining

has increasingly created significant forest loss and forest degradation

in developing countries (Asner et al., 2013; Bebbington et al., 2018).

Coal mines are the dominant type of underground mines in the study

area. Although the destructive impacts of underground mines may be

less than the open-cast mines, a variety of damages resulting from

these operations is reported in the forest ecosystems such as the sub-

sidence after collapsing the mine, contamination of the air and climate

resulting from a huge amount of waste, disturbance of the groundwa-

ter and streamflow due to decreasing the water table (Bell & Donn-

elly, 2014; Miranda et al., 2003), and biodiversity loss (Butt

et al., 2013).

5 | CONCLUSIONS

With the contribution of time-series remote sensing data, OBIA, and

spatial regression models, we developed a new analysis approach to

retrieve 50-year variations of forest loss, fragmentation, and degrada-

tion caused by the expansion of rural, forest, and mine roads in north-

east Iran. From this approach, we drew several conclusions. Though

the expansion of rural roads has decreased, low-grade roads have

been upgrading to higher grades. However, forest and mine roads

have been expanding along with the mechanization and development

of timber harvesting and mining operations since the 1980s in the

Hyrcanian forests. Besides, the spatial variations of forest dynamics

have been changing from forest loss in the past decades to forest

fragmentation and degradation in recent decades throughout these

forests. By the evacuation of population and livestock holders from

the forest areas towards remote locations, the trajectory of forest loss

has diminished. However, intensification of logging and mining opera-

tions have increasingly heightened the rates of forest fragmentation

and degradation in the pristine forests since the 1980s. Specifically,

the low-volume road types have different impacts on the forest loss,

fragmentation, and degradation over the three time periods. The

expansion of rural roads was significant on the high rates of forest loss

and fragmentation until 2000, and the proliferation of forest and mine

roads has significantly intensified the rates of forest fragmentation

and degradation in the OCAs of the roads since the 1980s. To miti-

gate these high amounts of forest changes, the integration of the

unprotected forests to the protected areas and the prevention of

destructive operations such as the open-cast mining and coincident

logging and mining in the Hyrcanian forests are inevitable. Clearly, fur-

ther research is necessary to demonstrate the negative impacts of the

dimensions of these forest changes on the biodiversity, forest func-

tionalities, natural hazards, water resources, and indigenous inhabi-

tants of the Hyrcanian forests.
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