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Abstract: Visual sensitivity assessments identify the location of the high-sensitivity areas in terms
of visual change. Studying the visual sensitivity of plantation forest landscapes and their seasonal
changes can help resolve increasingly frequent conflicts between tourism and forest management
activities, in the context of the multi-functional management of plantation forests. In this study,
we used the geographic information system (GIS) and multi-criteria evaluation (MCE) methods
combined with the analytic hierarchy process (AHP) to perform a visual sensitivity evaluation.
Nine map-based criteria were selected, and the visual sensitivity of summer and autumn values were
calculated, using data from sources including inventory data for forest management planning and
design, digital elevation model (DEM), and aerial photographs. Vegetation uniformity (VU) and color
diversity (CD) indices were constructed using three patch-level-based landscape indices, including
area (AREA), fractal dimension index (FRAC), and proximity (PROX), to visualize the summer and
autumn vegetation characteristics of a plantation forest landscape. We conducted a case study on the
Saihanba Mechanical Forest Plantation, China’s largest forest plantation. The results were evaluated
by experts, confirming the method to be reliable. This study provides an accurate, objective, and
visualized evaluation method for the visual sensitivity of plantations for forest management units at
the landscape scale. In analyzing the visual sensitivity of plantation forest landscapes, appropriate
criteria, e.g., uniformity or diversity should be selected based on forest vegetation characteristics.
When identifying high-sensitivity regions, it is necessary to simultaneously analyze areas with high
visual sensitivity in different seasons and then superimpose the results.

Keywords: plantation forest landscape; visual sensitivity; MCE; GIS; AHP; seasonality

1. Introduction

According to 2015 Food and Agriculture Organization (FAO) statistics, the world’s total plantation
forests area is increasing [1]. With increased environmental protection pressure and greater demands
for forest tourism and recreation, plantation forests have gradually shifted from a sole timber
production function to multi-functional management, and from passive multi-functional utilization
to active multi-functional operation [2]. The value of forest tourism and recreation has become an
important aspect of the total value of the plantation forestry economy and an increasingly important
determining factor in multi-functional forest operations [3]. People explore forests through multiple
senses such as sight, hearing, taste, touch, and smell, of which vision is dominant [4]. A visually
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appealing forest landscape is not only conducive to tourism activities but also an environmental basis
for various recreational activities [5-8].

Based on the possibility of human perception of human disturbance effects on a landscape,
Litton (1974) proposed the concept of visual vulnerability, referring to the resilience and susceptibility
levels of a landscape in response to the disturbances attributed to human activities and natural
environmental changes [9]. In forest landscapes, visual sensitivity refers to the possibility of public
attention and criticism caused by activities such as forest felling or land use change [10]. In high
visual sensitivity areas, even a slight alteration might be easily perceived by the viewer. In the context
of the multi-functional operation of the plantation forests, conflicts between sightseeing and forest
management are becoming increasingly frequent [3,11,12]. It is important to identify the location of
the most sensitive areas in terms of visual change. In addition, in plantation forests development,
identical tree species and similarly sized saplings are often planted at standard distances, allowing
forestry management measures to be easily implemented to achieve maximum economic benefits.
Thus, plantation forests are primarily characterized as being single-layer forests that contain a single,
predominantly coniferous tree species [13]; especially in summer, the visual perception is that of a large
area of continuous forest with uniform color and texture, with very high visual sensitivity. However,
the visual sensitivity of plantation forests has not been investigated in detail.

Initially, visual sensitivity was primarily evaluated through expert and field surveys [10,14].
Quantitative assessment of landscape quality [15-17] and visibility [18] using geographic information
system (GIS) methods has simplified the complexity of landscapes and their perception, ensuring
objectivity, replicability, and transparency of assessment results, thus facilitating the quantitatively
assessment of visual sensitivity. GIS-based multi-criteria evaluation (MCE) coupled with the analytic
hierarchy process (AHP) is a simple, effective, and comprehensive evaluation method [19,20] that is
suitable for assessing the most sensitive areas [21]. Store et al. (2015) used this method to assess the
visual sensitivity of forest landscapes at the regional scale and obtained reliable results [22]. However,
this method has not been further tested at the level of forest management units, which, despite the
small scale, would enable expert evaluations and field investigations to be easily conducted. Thus,
the use of more objective, accurate, and visualized assessment methods for visual sensitivity can help
better identify forest areas with high sensitivity.

The primary criteria affecting visual sensitivity include the number of users, their expectations
and experiences, landscape attractiveness as determined by the physical characteristics of landscape
organisms, and viewing condition, such as distance and visibility [10,14,23]. Thus, visual sensitivity
may be assessed based on the amount and attention of users, landscape attractiveness, and viewing
conditions, each reflecting the subject of viewing (viewer) and object (landscape), as well as the
interaction between the two. It is generally considered that areas with high vegetation diversity
also have high landscape attractiveness [15] and high visual sensitivity [23]. However, despite low
diversity, in summer, plantation forest landscapes have very high visual sensitivity [10]. Therefore,
it is necessary to investigate how to select criteria that appropriately reflect the visual sensitivity of
plantation forest landscapes.

Seasonal changes may cause visual changes in land cover and land use, resulting in changes
in landscape attractiveness [24]. Among these seasonal changes, the seasonal effect of vegetation
is the most pronounced; for example, the exuberant color change of broad-leaved forests in the
autumn increases landscape appeal [16]. However, some studies have shown that the research results
regarding vegetation preferences for one season cannot be applied to another season [25], and that
vegetation that is very attractive during the flowering season may have negative visual effects during
the non-flowering season [26]. The effects of seasonal changes on urban landscapes [25,27] and
agricultural landscapes [28,29] have been extensively investigated, whereas those on forest landscapes
have been rarely studied. More importantly, landscape attractiveness is an important factor that
influences visual sensitivity, and changes in landscape attractiveness may alter visual sensitivity.
However, to the best of our knowledge, measurements of the effects of seasonal changes on visual
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sensitivity have not been investigated. If high visual sensitivity areas vary from season to season,
then these areas should also be protected in other seasons. Therefore, in this study, we adopted the
GIS-based MCE and AHP methods to establish an evaluation method for the visual sensitivity of
plantation forest landscapes at the landscape scale of forest management units, and examined whether
seasonal changes also cause changes in visual sensitivity.

2. Materials and Methods

2.1. Study Area

The Saihanba Mechanical Forest Plantation, located in the far north of Weichang Manchu and
Mongolian Autonomous County of Chengde City, Hebei Province, is currently China’s largest forest
plantation, with a total area of 92,634.7 ha. It is situated at the junction of the Inner Mongolia Plateau
and the northern Hebei Mountains (116°51’ to 117°39’ E, 42°02’ to 42°36’ N), with an elevation ranging
from 1018-1948 m (Figure 1). The area has a cold temperate continental monsoon climate: Long and
cold winters characterized by seven months of snow coverage, short but dry and windy springs and
autumns, and cool summers with an average temperature of 25 °C and intense sunlight. In the 1950s,
the region resembled a wasteland because of rampant forest felling. Foresters revitalized the degraded
land through afforestation. The forest coverage rate of the plantation is currently 75.5% now, forming
a natural landscape dominated by forests, supplemented by wetlands, and mosaiced by rivers and
lakes. The dominant tree species include Larix principis-rupprechtii Mayr., Pinus sylvestris var.mongoliac
Litv., Picea asperata Mast., and Betula platyphylla Suk.. The Saihanba Mechanical Forest Plantation is a
national forest park in China and won the “Champions of the Earth” award from the United Nations
Environment Program in 2017. Forest tourism has become an important forestry industry, which
receives 500,000 tourist visitors annually who predominantly engage in sightseeing, experiencing
the astonishing view and the breeze from the vast forest in summer, and enjoying the colorful forest
landscape in autumn. The tourism season usually typically begins in late June and is largely over by
early October. Thus, two seasons (i.e., summer and autumn) were selected for this investigation.
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Figure 1. The location and hill-shade map of Saihanba Mechanical Forest Plantation.
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2.2. Visual Sensitivity Assessment Procedures

The GIS-based MCE and AHP methods were adopted for the comprehensive evaluation of
visual sensitivity. Specific steps included the following: (1) A visual sensitivity assessment model
was established based on the AHP concept and presented in a decision tree (Figure 2); (2) the
criteria were evaluated by experts using pairwise comparison to obtain the weight of each criterion;
(3) the criteria’s values were calculated using GIS software, and map layers for each criterion were
generated; and (4) finally, using the synthesis model, the results of visual sensitivity assessment were
produced and verified, and the high visual sensitivity areas were identified under different threshold
values during summer and autumn.

Plantation Forest Landscape Visual Sensitivity

Amount and attention of users Landscape attractiveness Viewing condition
Residential ||Recreation|| Road |[Vegetation uniformity|| Terrain || Edge Location

— o o e Distance || Visibilit
area area level /Colour diversity ||diversity|| presence | [significance Y

Figure 2. Criteria tree for determining the visual sensitivity of the plantation forest landscape.
2.3. Determination of the Sensitivity Creteria

According to a literature survey and expert consultations, three main criteria including the amount
and attention of users, landscape attractiveness, and viewing condition [10,23], were selected based on
the AHP concept to respectively reflect the effects of the subject (viewer), the object (landscape), and
the interaction between the two in terms of visual sensitivity (Figure 2).

2.3.1. Amount and Attention of Users

Areas with high usage include residential areas, recreation areas, and roads, which also have
high visual sensitivity. General residential areas are categorized into three types (i.e., accommodation
area for visitors, forester living areas, and villages); the type of area with the highest visual sensitivity
continues to be debated [23]. The recreation areas are characterized by unique landscape resources
and have been developed due to the presence of more tourists and longer visit times, and thus have
high visual sensitivity. The visual landscapes on both sides of a road are very important [30], and
roads of different levels vary with regard to visual sensitivity [14]. Roads can be divided into two
categories: major roads that connect recreation areas and minor roads that include other hard-surfaced
roads within the forest management unit.

2.3.2. Landscape Attractiveness

Landscape attractiveness primarily measures the extent to which a landscape’s visual features,
which are presented by the biophysical characteristics, attract people’s interests and attention [10].
The higher the landscape attractiveness, the higher the visual sensitivity. Areas with profound
landscape attractiveness include lakes, which have typically been developed as recreation areas and
were; therefore, not considered again to avoid obtaining excessively large values. Four aspects (i.e.,
vegetation, terrain, edge, and location) were selected as the sub-criteria [15,31].

Vegetation. During summer, in continuous, large-scale, plantation landscapes with uniform
texture and color, the larger the patch area is, the higher the number of adjacent patches of the
same type is, the higher the uniformity [31,32] or openness [31,33], and the higher the landscape
attractiveness and visual sensitivity. In autumn, the canopies of different tree species exhibit different
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colors, and color diversity has become an important criterion for landscape attractiveness [34,35].
Additionally, in autumn, the boundaries and textures of patches are more distinctive. The more
complex the patch shape is [36,37], the lower the number of the adjacent patches of the same type, the
higher the color diversity, and the higher the landscape attractiveness and visual sensitivity. Thus,
vegetation uniformity (VU) and color diversity (CD) were used to measure the visual characteristics of
the plantation forests’ vegetation in summer and autumn.

Terrain. Terrain is of great importance in explaining the spatial structure of the landscape based
on surface appearance and landscape elements [35,38], and terrain variety generate mystique and high
landscape appeal because of morphological versatility and visual richness [39-41]. Therefore, terrain
diversity was used to reflect landscape appeal and visual sensitivity.

Edge. Landscape edge refers to an interlaced zone of two or more adjacent landscapes,
with heterogeneity as its most important feature [15], which exerts a positive effect on landscape
attractiveness [42—44]. For example, the forest-lake landscape and the forest-meadow landscape
both have stunning visual appeal with high visual sensitivity. Therefore, edge presence was used as
a criterion.

Location. Specific topographic features (e.g., slope and aspect) also affect the extent attracting
a viewer’s attention. Due to height differences and slope steepness, ridges are more attractive [45];
some ridges include the skyline, which is positively correlated with landscape attractiveness [33].
In the Northern Hemisphere, north-facing aspects are backlit and vistas are dark with lower color
contrast; such inconspicuous lines and textures have lower visual sensitivity than south-facing aspects.
Views of south-facing slopes are opposite to those of north-facing aspects [9,10]. Therefore, the more
conspicuous the location is, the higher the landscape attractiveness. Thus, location significance was
used as a criterion.

2.3.3. Viewing Condition

Viewing condition refers to the intermediate conditions under which the viewer observes the
landscape, which is very important in visual sensitivity studies for determining which landscapes may
be seen or are more clearly observed by the viewer. Visibility refers to whether the forest landscape
may be seen by the viewer; the more often the forest landscape is seen by viewers, the higher the
visual sensitivity of areas [18,46]. The closer the forest landscape is to viewers, the higher the visual
sensitivity [14,47].

2.4. Determining the Weights of Criteria

Visual sensitivity is affected by multiple factors, and each factor has a different degree of influence;
thus, it is necessary to determine the weight of each factor. The weight values were obtained
using the AHP, in which the above criteria were included in an expert consultation questionnaire.
The experts were asked to make pairwise comparisons of the criteria using the 1/9,1/8,...,1,...,8,
9 scale, according to the consistent matrix method proposed by Saaty [48]. The 30 experts included
9 landscapes, 9 tourism, and 7 forestry experts, as well as 5 scientific and technical personnel from
the forest plantation. In the calculation, a pairwise comparison matrix was created, and consistency
index (CI) and consistency ratios (CR) were calculated. The CI was calculated according to the
following formula:

Amax — 11

Cl =" @
where Amax is the largest eigenvalue of the matrix, and 7 is the number of criteria in a comparison
matrix. CI provides information on logical consistency among pairwise comparison judgments. CR
is the ratio between CI and RI, and Rl is a random consistency ratio generated by Saaty [49]. A CR
of less than 0.1 indicated that the evaluation value passed the consistency test, and the weight was
the geometric mean of each row of the matrix [49,50]. The calculation was conducted using the AHP
package [51] in the R software [52].
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2.5. Calculation and Mapping of Sub-Criteria

The calculation of sub-criteria was performed using the tools in the ArcGIS software (Esri, V10.1;
Redlands, CA, USA), and the inventory data for management planning and design (2012, vector), the
digital roads (vector), river and wetland maps (vector), the aerial images (recorded in 2012, 0.5 m
resolution), and digital elevation model (DEM). In the calculation, the vegetation map and landcover
map, which were the raster maps with resolution of 10 x 10 m, were generated based on these vector
maps. The DEM of the study area obtained from ASTER GDEM V2 (Advanced Space-Borne Thermal
Emission and Reflection Radiometer Global Digital Elevation Model Version 2, 30 x 30 m, 2011) was
resampled to 10 x 10 m, then slope and aspect maps were generated based on it.

The min—-max normalization was used to normalize the calculation result of each index in the
range of 0 and 1. The values of four criteria (i.e., road level, vegetation, distance, and visibility) were
calculated for summer and autumn.

The recreation areas and residential areas were digitized from aerial photographs. Buffer areas
were set on roads, in which the buffer distance was the average tree height (approximately 25 m)
plus the road width (approximately 10 m), forming a corridor 60 m in width. The tourist volume in
recreation areas was higher than that in other areas and was thus valuated at 1 (0 for other areas).
The experts were asked to perform pairwise comparisons on the importance of different residential
areas and different levels of roads and generate respective evaluation values, as shown in Table 1;
other areas were valuated at 0.

Table 1. Values of residential areas and roads obtained through pairwise comparisons by experts.

Residential Areas Roads
Accommoc‘la‘tion . F'orester Villages Main Roads  Minor Roads
Area for Visitors Living Areas
Value 11 0.181 0.36 1 1 0.38
1 CR=0.03

VU (vegetation uniformity) or CD (color diversity). Many studies have shown that the landscape
pattern index can reflect visual characteristics of a landscape [31,53,54]. Three indices (i.e., area (AREA),
fractal dimension index (FRAC), and proximity (PROX)), were selected to construct the VU (vegetation
uniformity) or CD (color diversity) index using the following formulas:

AREA PROX
VU=ax o= R 2
U = aX SfAX(AREA) T ° MAX(PROX) @
FRAC PROX
D = > Siax(rrac) T4 1~ Max(prOX) ®)
2 In(0.25p;)

() and PROX =)0, %; In which aj; is the area of the patch;

p;j is the perimeter of the patch; ajj; is the area of patch ijs of the specific neighborhood of patch j (m?);
and hjs is the distance between patch ijs and ijs. When AREA > 0, the greater the AREA is, the larger
the patch area; when PROX > 0, the greater the PROX, the higher the number of patches of the same
type within a certain distance. When 1 < FRAC < 2, the closer the FRAC is to 2, the more complex
the patch shape. a, b, ¢, and d are parameters. The closer the VU is to 1, the higher the VU; the closer
the CD is to 1, the higher the CD.

The AREA, FRAC, and PROX values were calculated using Fragstats software [55]. In the
calculation, the vegetation in the summer was categorized into four categories (i.e., coniferous forest
(L. gmelinii, P. sylvestris, P. asperata), broad-leaved forest (B. platyphylla, Quercus mongolica Fischer
ex ledebour), shrubs, and grassland), of which the coniferous plantation and broad-leaved forests
are visually different [42,56]. The vegetation in autumn was categorized into five categories (i.e.,

AREA = a; g ), FRAC =
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deciduous coniferous forest (L. gmelinii, yellow), evergreen coniferous forest (P. sylvestris, P. asperata,
green), broad-leaved forest (yellow or red), shrubs, and grassland), of which the forest types largely
differed in color in autumn. Other land use types occupy a relatively small proportion and were
considered as background in the calculation.

The values of indices were calculated at the patch level [38], generating two files with the suffixes
of patch and tif, respectively. The identifier and indices value of each patch were recorded in the patch
file. The entropy weight of the indices can be calculated by the entropy method [57] using R software,
which can be used as the parameter value of the index (Table 2). The patch identifiers and spatial
information were recorded in the tif file. The patch file was joined with the tif file in ArcMap, and then
the raster map of each index was generated with the resolution of 10 x 10 m. Then, the VU and CD
were calculated according to their respective formulas.

Table 2. Values of VU (vegetation uniformity) and CD (color diversity) parameters.

Parameter Indices Entropy Weight Information Entropy
VU (vegetation uniformity) E IﬁAl;I({)E)I(A 1 84512 8?2
CD (color diversity) ; PIE{(I;(C 1 88; (1)(7)(7)
! The specified search radius was 500 m.

Terrain diversity. Terrain diversity was measured using terrain relief and terrain roughness [58],
both of which are macroscopic indicators that reflect surface morphology. When calculating terrain
relief, neighborhood analysis was conducted on the DEM, and various windows of 3 x 3,4 x 4...,
32 x 32 were calculated, in which the optimal window area was determined at 4.84 ha by change-point
analysis [59]. The results were then converted to a floating-point grid and normalized, where the
greater the value, the higher the relief.

Terrain roughness refers to the ratio of the surface area of the Earth to its projected area in a
particular area. The greater the value is, the higher the terrain roughness [39,60]. The formula is

as follows: .

R= cos[(Slope) x 3.14159/180] @

In which R represents terrain roughness and would be normalized. Terrain diversity superimposes
terrain relief and terrain roughness with equal weights.

Edge presence. The lakes and wetlands were treated with a buffer analysis, in which the buffering
distance was two times the average tree height. An analysis of the intersection with forests was
performed, in which the forest edge with lakes and wetlands were calculated and valued at 1, and
other areas were valued at 0.

Location significance. The topographic position index (TPI) comprehensively reflects height
differences and slope [61], and the land facet corridor tool [62] was used to analyze the DEM. As the
value increases, the slope is closer to the top of the mountain and thus has higher visual sensitivity.
In the aspect analysis, the topographic solar radiation aspect (TRASP) index was used to convert the
slope aspect (azimuth) to values ranging from 0-1 [63], in which 0 represents 30° east of north, and
1 represents 30° west of south. The closer the value is to 1, the drier and sunnier the habitat, and the
higher the visual sensitivity. The formula is as follows:

1 — cos[(71/180) (Aspect — 30)]

TRASP =
2

©)

In which Aspect is the azimuth. Location significance superimposes TPI and TRASP and both weights
were 0.5.
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Visibility. Points were distributed in 20-m intervals along trails in recreation areas and in 100-m
intervals along major roads to form a viewpoint layer (Table 3), upon which viewshed analyses were
performed using the cumulative viewshed method [64] and digital surface model (DSM) [42]. The
DSM was calculated according to the following formula:

DSM = [DEM] + [the height above level of DEM of each land use type] 6)

If the land use type was forests or shrubs, the height was the average height of the stand, which
could be obtained from the data of inventory for forest management planning and design. The mean
height of the accommodations area for visitors is 20 m, and that of villages is 4 m. When the DSM
was used, blocking on the viewshed by surface factors such as vegetation was considered [39,42,65].
The viewpoints were categorized into two types [39], of which the majority of the viewpoints were
horizontally-oriented with an offset height of 1.6 m, and some viewpoints were high above overlooking
the forest landscape, and the offset heights were valuated based on the actual height difference as
compared with the surrounding environment (Table 3).

Distance. The Euclidean distance tool was used to analyze the minimum distance between each
grid point and the viewpoint in the study area. The effect of distance on visual sensitivity decreases
linearly from the viewpoint and attenuates to 0 at the maximum distance. The valuation for the
maximum distance is presented in Table 3.

Table 3. Type and number of viewpoints and important parameters in the calculation of the viewshed
and Euclidean distance.

. . Number of Maximum
Season Types of Viewpoints Viewpoints Offset (m) Distance (km)
S Horizontally-oriented 1980 1.60 2[17]
ummer Overlooking 2 30-40 10 [30]
A Horizontally-oriented 2396 1.60 2
utumn Overlooking 3 30-40 10

2.6. Comprehensive Assessment and Model Validation

The arithmetic averaging method was selected as the synthesis model, which was achieved using
the weighted sum tool in ArcMap. To facilitate understanding and comparison, the results were
converted to values in the range of 0-100; the closer the value is to 100, the higher the visual sensitivity.

A verification questionnaire was formulated according to the method of Store et al. (2015) [22],
and maps of 30 test quadrates (10 x 10m), including information on land cover, nearby roads, and
recreation areas were generated, which were supplemented by aerial photographs (1:3000 in scale).
The experts were asked to select the most sensitive quadrate (sensitivity value of 100) from all test
squares and then provide the sensitivity value of other test quadrates relative to the most sensitive
quadrate and each other. The questionnaires were distributed to the 30 experts who completed the
index weight assessment, and questionnaire results were received from 10 experts.

The paired t-test was used to test whether visual sensitivity was significantly different between
summer and autumn. Specifically, difference grids visual sensitivity was calculated for summer and
autumn respectively using the raster calculator in ArcGIS. The mean and standard errors of each grid
were obtained, from which the U statistic was calculated for the paired ¢-test.

High visual sensitivity areas are those that merit the most urgent attention, and they were
calculated using the threshold values of 1 + o and p + 20, in which p is the mean visual sensitivity
value and o is the standard deviation of visual sensitivity values [66]. High visual sensitivity areas
in summer and autumn should also be protected in other seasons; thus, they were superimposed to
obtain the high visual sensitivity areas under different threshold values.
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3. Results

3.1. Reliability

The test quadrates of means of the expert assessment and those calculated using the model were
compared. The Pearson correlation coefficient between the two was 0.876 (p < 0.000), and the paired
t-test result was to accept the null hypothesis (p = 0.086), indicating that the two were not different.
Thus, the assessment model was very reliable.

3.2. Weight Values of Criteria

The weight of each criterion is shown in Table 4. Among the main criteria, the weight of landscape
attractiveness was the highest, and among the sub-criteria, the weight of vegetation was the highest,
and that of residential areas was the lowest.

Table 4. Weights for the main and sub-criteria of the sensitivity model of Saihanba Mechanic Forest
Plantation obtained by AHP (analytic hierarchy process).

Criteria Local Weights Global Weights
Main criteria CR (consistency ratio) = 0.03
Amount and attention of users 0.25
Landscape attractiveness 0.51
Viewing condition 0.24
Sub-criteria of amount and attention of users CR = 0.03
Residential Area 0.18 0.04
Recreation Area 0.43 0.11
Road level 0.39 0.10
Sub-criteria of landscape attractiveness CR = 0.05
VC (vegetation uniformity) or CD (color diversity) 0.46 0.23
Terrain diversity 0.29 0.15
Edge presence 0.13 0.07
Location significance 0.12 0.06
Sub-criteria of viewing condition CR = 0.00
Visibility 0.43 0.10
Distance 0.57 0.15

3.3. Vegetation Uniformity and Color Diversity

As shown in Figure 3, a comparison of the summer vegetation type map (a) and the VU map (b)
indicates that areas with high VU were dominated by coniferous forests that have a larger patch area
or a high number of adjacent patches of the same type, whereas those with low VU are the opposite.
In autumn, the mix of evergreen coniferous forest patches and deciduous-coniferous forest patches,
or the mix of deciduous-coniferous forest patches and broad-leaved forest patches (c) led to high CD
in most areas, and areas with low CD were dominated by stands of purely deciduous-coniferous
forests (d).
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Figure 3. Relationship between vegetation and VU (vegetation uniformity), CD (color diversity) of
Saihanba Mechanical Forest Plantation: (a) Summer vegetation map; (b) summer VU map; (c) autumn
vegetation map; and (d) autumn CD map.

3.4. Assessment Results of Main Criteria

The analysis results on the amount and attention of users revealed some linear spaces (roads)
and plane spaces (residential and recreation areas) in which viewers, especially tourists, gathered
(Figure 4a,b). Compared to the situation in summer, the landscape on the two sides of a road segment
approximately 15 km in length in autumn was superior; thus, the road was upgraded to a major road
from a minor road in autumn, whereas the others remained unchanged.
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Amount and attention of users

pm High

B Low

(@

Figure 4. Map of the main criteria, amount and attention of users of Saihanba Mechanical Forest
Plantation, in (a) summer and (b) autumn.

As shown in Figure 5, the distance from the overlooking viewpoints exerted a great effect on
the results of the analysis of the viewing condition. Overlooking the forest landscape from a high
viewpoint generated a vista and thus resulted in a higher visual sensitivity for the surrounding
landscapes. Compared to that in summer, the addition of one overlooking viewpoint and the addition
of 416 horizontally-oriented viewpoints along the above-described upgraded major road in autumn
made little overall difference.

N N
0 5 10km 0 5 10km
A (- A L1
p — o ~
Viewing condition ‘S Viewing condition »
® Vantage points ® Vantage points
pm High m High A
B Low S Low
(@) ®)
a ‘<
\

Figure 5. Map of the main criteria, viewing condition of Saihanba Mechanical Forest Plantation,
in (a) summer and (b) autumn.

Figure 6a,b demonstrates that the spatial distributions of areas with high landscape attractiveness
in summer and autumn were significantly different; they were characterized by a concentrated
distribution in summer and scattered in autumn largely affected by vegetation.
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Figure 6. Map of the main criteria, landscape attractiveness of Saihanba Mechanical Forest Plantation,

in (a) summer and (b) autumn.

3.5. Comprehensive Assessment

The mean value of visual sensitivity in summer was 33.5, with a standard deviation of 9.6, and that
in autumn was 55.2, with a standard deviation of 7.5. As shown in Figure 7, the red color represents
very sensitive and the blue color represents very insensitive. Summer and autumn significantly differed
in visual sensitivity (p < 0.01). For example, the most famous recreation area, Seven Star Lake, had
high-sensitivity values in both seasons. The dominated forest stands of the surrounding areas are pure
plantation; thus, the sensitivity value was high in summer and low in autumn.

Visual sensitivity index —a o 0 5km Visual sensitivity index
s High : 100 g " A e sy High : 100

M Low 4

Figure 7. Map of the visual sensitivity index of Saihanba Mechanical Forest Plantation in (a) summer

and (b) autumn.

The high visual sensitivity areas under different thresholds in summer and autumn are presented
in Figure 8. Under the two threshold conditions, the areas with high sensitivity in summer had a
higher proportion than those in autumn. Under the threshold value of u + 20, the superimposed areas
with high sensitivity were primarily concentrated in recreation areas and on the two sides of the road.
Under the threshold value of i + o, the areas with high sensitivity in summer were more concentrated,
whereas those in autumn were more dispersed.



Forests 2019, 10, 297 13 of 18

A

®8 Other
@@ High sensitive areas

Figure 8. High-sensitivity areas under the threshold value of p+ 20 (a) in summer accounts for 3.9%;
(b) in autumn accounts for 1.0%; (c) the superimposed area accounts for 4.6%; and under the threshold
value of p + o (d) in summer accounts for 19.6%; (e) in autumn accounts for 10.9%; (f) the superimposed
area accounts for 25.3%.

4. Discussion

In this study, we proposed a forest management unit-based comprehensive assessment method
for the visual sensitivity of a plantation forest landscape. Through the AHP method, we constructed a
visual sensitivity index system and obtained the weights of criteria, considering that each criterion had
a different impact on visual sensitivity. The weight of vegetation was the highest, which is consistent
with the reality of vegetation dominating the forest background. Forest vegetation also presented the
highest weight in Store et al. (2015) [22].

The criteria were calculated based on a grid using the GIS, rather than on the landscape unit [14]
or visual unit [10], making the assessment results more accurate [43]. Moreover, it is possible to
calculate the value of any given unit (e.g., a compartment) using the zonal statistical tool of ArcMap.
There are many defects in the multiple grading and synthesis of the criteria, such as the difficulty
in ensuring accuracy [67]. In this study, we non-dimensionalized the criteria and adopted Boolean
or continuous values, making it easy to operate the model and ensuring reliable results. In short,
this method utilizes forest management units at the landscape-scale to accurately determine high
visual sensitivity areas of plantation forest landscapes while visualizing them, such that the scope
of multi-functional management dominated by visual landscape protection can be determined and
conflicts with forest management can be avoided.

When considering landscape attractiveness and visual sensitivity, diversity was a common
concept, and uniformity was often neglected. This paper emphasizes the importance of uniformity
in the context of planted forests. The VU (vegetation uniformity) and CD (color diversity) criteria
that were constructed based on the landscape pattern index at the patch level were purported to
quantitatively and visually represent different visual features of vegetation in summer and autumn.
Vegetation in summer and autumn differs in color and other formal elements, such as patch texture
and boundaries, also vary; thus, different vegetation type maps and different indices were used in
the calculation to reflect changes in the visual landscape in summer and autumn. Habitat types were
used as a register of landscape change by Tasser, Ruffini, and Tappeiner (2009) [56]. Furthermore, VU
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and CD expressed spatial configuration among patches, whereas in previous studies, the index of
the number of colors was used to express color diversity [34,41], and the index of the proportion of
land use types changing with seasons was used to indicate seasonal change [30], both of which only
reflected the landscape composition.

The value of the FRAC parameter in the CD formula was very low (0.02) because the value of the
FRAC did not vary much (1.0-1.4) and the patches in the study area were predominantly geometric.
Therefore, in plantation forestry environments, especially in areas of high sensitivity, patch shapes
must be redesigned and modified to make them appear more natural, thus improving the landscape
quality [68]. In this study, the intent was to measure visual sensitivity, but the high VU, high visual
sensitivity, and poor visual adsorption capacity exhibited in the study area must be continuously
improved in the future.

Landscapes in high visual sensitivity areas should be managed carefully. In this study, we
presented high visual sensitivity areas under different threshold values, which can help forest
management units prioritize visual landscape protection and management. The visual sensitivity map
showed that under the threshold of u + 20, areas with high sensitivity were primarily concentrated in
recreation areas and along both sides of the major roads, which is in line with the findings of previous
studies [22,69], where they were reported that areas with high sensitivity were located in areas of
high usage. The high-sensitivity areas were also consistent with the spatial distribution of tourists.
Compared with that of the foresters and local villagers, the visual sensitivity of areas of the tourist
group was higher because tourists are more attracted to scenery [70]. The tourists were there for
sightseeing, most visiting the forest plantation for the first time and leaving after staying in the forest
plantation for half a day or a day. The recreation areas were the preferred locations to visit. Thus, the
visual sensitivity of such areas was relatively high.

The increased high-sensitivity areas under the threshold of 1 + o, compared to u + 20, had high
landscape attractiveness or good viewing condition, most of them located in the middle and far zones
of the viewshed, and contributing significantly to landscape quality [42]; thus, these areas also deserve
more consideration, if possible.

The comparison of visual sensitivity in summer and autumn indicates that the two seasons
differed significantly; thus, when analyzing visual sensitivity, seasonal impact should be considered.
In previous studies, seasonality was not adequately studied, and visual sensitivity was investigated in
only one season [22,65]. High visual sensitivity areas in different seasons should be superimposed to
ensure that high visual sensitivity areas for one season are also protected in other seasons.

Because there are fewer visitors in winter and spring, it is of little significance to evaluate visual
sensitivity during these seasons [9]. In this study, we only examined the visual sensitivity during
two seasons; however, with the increasing number of tourists in winter, it is necessary to examine the
visual sensitivity. The data used in this study were the most recent data from the study area, and the
field survey indicated that the data used in the study (landcover, terrain, etc.) remained unchanged
due to strict state-owned forest land-use policies. Nevertheless, the described research method could
support updating results quickly as data changes.

5. Conclusions

In this study, we conducted a quantitative, accurate, and visualized assessment of the visual
sensitivity of plantation forest landscapes using nine map-based criteria (residential areas, recreation
areas, roads, VU or CD, terrain diversity, edge presence, location significance, distance, and visibility)
based on three aspects, including amount and attention of users, landscape attractiveness, and viewing
condition, using the GIS-based MCE coupled with the AHP. This model can help forest management
units determine the visual landscapes that require priority protecting in the context of multi-functional
management, avoiding the impact of forest harvesting on visual landscapes, while helping to select
planting designs and afforestation treatments that meet tourists’ preferences.
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In the forest background, forest vegetation is the primary cause of differences in visual sensitivity.
In analyzing the visual sensitivity of plantation landscapes, selecting appropriate criteria based on the
characteristics of forest vegetation is recommended. For example, in the case of a forest landscape in
autumn or a mixed forest landscape, more importance is assigned to diversity, whereas in the case of a
forest landscape in summer or a pure forest landscape, more importance is assigned to uniformity;
otherwise, the visual sensitivity may be misjudged.

The comparison of visual sensitivity in summer and autumn using the above method indicated
that the two seasons differed significantly. Therefore, it is necessary to analyze high visual sensitivity
areas and superimpose them to ensure that the visual resources of high-sensitivity areas are not
disturbed with in other seasons.
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