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Abstract: Background: Elements of forest landscape spaces are important media through which
landscape information is conveyed. Therefore, it is very important for designers and managers
of forests to explore the relationship among visual behaviour, landscape preferences, and element
characteristics. Purpose: This study took forest landscape spaces as the subject, discussed the
characteristics of visual behaviour and cognitive preferences for landscape elements, and analysed
the relationship among element characteristics, visual behaviour, and cognitive preferences in forest
landscape spaces. The findings will help designers better plan the spatial composition of forest
landscapes. Methods: We collected data from 53 graduate and undergraduate students and then
used Spearman’s rho correlation analysis and multiple linear regressions to analyse the experimental
data. Main results: 1. As the composition of forest landscape spaces varies and landscape elements
are combined in different ways, visual behaviour towards landscape elements also differs. 2. People
are easily attracted by highly fascinating landscape elements, but they will spend more time on low
fascinating landscape elements. 3. Element characteristics significantly affect visual behaviour and
cognitive preferences. Elements with high complexity or a large proportion of elements take more
time for the participants to recognize, which reduces the evaluation of satisfaction.

Keywords: forest landscape; forest recreation; landscape elements; landscape complexity;
eye tracking; preference evaluation

1. Introduction
1.1. Aesthetic Evaluation of Forest Landscape

With the increasing demand for forest landscapes, providing high-quality forest land-
scape spaces for tourists is a very important research topic for landscape designers and
forest park managers [1]. In China, in 2019, the number of forest tourists reached 1.8 billion,
creating a comprehensive social output value of 1.75 trillion RMB [2]. In the second half
of 2020, despite the influence of COVID-19, forest tourism recovered strongly, with the
total number of tourists reaching 84.2% of that in 2019. It has effectively promoted the
development of forest tourism destinations and correspondingly triggered the pursuit of
high-quality forest landscape [3].

Therefore, to understand the present situation of forest landscape quality and put
forward corresponding landscape optimization measures, it is essential to evaluate forest
landscapes. There have been many surveys and analyses on the cognitive evaluation of for-
est landscapes that have been based mainly on psychophysical methods. The evaluation of
forest landscapes has been analysed through on-site experience or photograph observation
combined with questionnaires [4–13]. The results indicate that the types and structures of
forest landscape spaces and demographic characteristics can affect the evaluation of forest
landscape spaces to varying degrees [14–18].

However, there are two main problems with psychophysical methods. First, they
are highly subjective, as they are based on people’s subjective feelings and therefore lack
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objective measurement standards. Second, they can be used only to compare the evaluation
of the space as a whole or some landscape elements and do not further our understanding
of features of landscape elements affecting people’s aesthetic preferences [16].

Therefore, previous studies indicate that in order to reduce the subjectivity of personal
evaluation, we need to introduce a more objective evaluation method for evaluating
forest landscapes. Eye-tracking technology can not only analyse eye movement when
observing forest landscapes to reflect their psychological activity but also determine which
local forest landscape elements they are paying more attention to [19–21]. Analysing the
influence of basic landscape components on visual perception can help us better understand
the interactive mechanism between landscape and cognitive decision-making and help
designers better plan and design such spaces.

1.2. Application of Eye-Tracking Technology in Landscape Assessment

At present, research on eye-tracking technology has focused mainly on the evaluation
of urban public green spaces. Researchers have also proven that it is feasible to use eye-
movement analysis methods to evaluate landscape visual quality [22–29]. For example,
Franěk analysed the differences in visual behaviour when viewing photographs of natural
scenes and urban scenes and analysed the differences in cognitive efforts in different
scenes [30]. Zhang evaluated landscape quality by using the scenic beauty method and
eye-tracking technology for landscape structural characteristics and seasonal features and
analysed the influence of landscape features on landscape quality [18].

These studies reveal that eye-tracking technology, as a mature technology, has been
recognized by experts and used in landscape research. However, in the field of forest
landscape evaluation, eye-tracking technology is still a new research method. As Barnes
pointed out, there has always been a lack of scientific quantitative methods to address the
basic question of “what people look at and how to look at” forest landscapes [16]. From the
perspective of forest resource management and evaluation, only by understanding people’s
perceptions and observations of the landscape can designers obtain public feedback to better
plan and manage such landscapes. Eye-tracking technology is a useful tool for detecting
people’s observations of landscapes [31]. Therefore, introducing eye-tracking technology
into the field of forest landscape evaluation from the perspective of user feedback is an
important research approach that is worthy of discussion.

Although we can understand visual behaviour in a landscape through eye-tracking
technology, the reasons for specific visual behaviours need to be further studied. To
clarify the interaction mechanism between human visual behaviour and cognitive pro-
cesses, experts have further analysed visual behaviour in combination with a psychological
perception evaluation questionnaire.

For example, from the perspective of visual behaviour and spatial preference, Sun
analysed the relationship between visual behaviour and preference evaluation in relation
to urban water space [32]. Gao used eye-tracking technology and cognitive questionnaires
to analyse the characteristics and differences in vision and cognition when participants
viewed various forest spaces [1]. The results showed that the eye-movement indicators of
the average lateral visual span, average portrait visual span, and average pupil diameter
were significantly correlated with the participants’ psychological cognitive evaluations.
When the landscape photographs contained much information, users tended to view the
whole from the perspective of the local space and paid more attention to interesting objects;
the overall preference evaluation of the space was also high. Huang analysed the influence
of landscape preference on observation behaviour based on the diversity of landscape
colours [33]. The results showed that photographs with complex colour changes received
more attention, and a magenta mountain landscape (the landscape in the photograph
appeared in magenta) was the most noticed. Moreover, cognitive preferences for landscape
affected visual behaviour, which showed that there was a certain relationship between
cognitive preferences and visual behaviour.
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Hands found that the level of visual preference was positively correlated with the
variety of colours and the number of artificial elements that elicit positive emotions [34].
However, landscapes with less ground cover led to lower visual preference. In addition,
Glaholt, Cottet, and others found that eye-movement indicators (fixation duration, fixation
counts, etc.) were positively correlated with a preference for landscapes and had strong
consistency [25,35–37].

In addition to a preference evaluation, Berto found that visual preference was related
to the restoration rating [38]. When people viewed a natural landscape with a high restora-
tion rating, their visual behaviour was significantly different than when they viewed an
urban scene with a low restoration rating. When they viewed a natural scene, their fixation
number was lower, and they expended less effort. This finding supported Kaplan’s hy-
pothesis that when people view natural scenes, their visual behaviour is based on interest
rather than forced attention. This visual behaviour pattern is less likely to cause mental
fatigue; thus, natural scenes are highly restorative.

In summary, analysing the correlation between eye-movement data and evaluation
while viewing different landscapes helped in studying cognition associated with land-
scape spaces because it provided a comprehensive method for improving our understand-
ing of landscapes [23,24].

1.3. Visual Behaviour Characteristics and Evaluation of Landscape Elements

At present, most studies on forest landscape evaluation start from the whole space [1].
However, according to picture-bottom relationship theory [39], people have different
priorities for the cognition of landscape elements in different compositions [40]. Some
elements are identified first, while others become the background. The visual characteristics
of landscape elements influence cognition and then affect cognitive preference.

For example, Rahnema analysed residents’ perceptions of and preferences for various
landscape elements in park green spaces in two Iranian cities and found that the subjects
preferred streams and fountains, followed by plants, animals, and gardens [41]. Taking
walking spaces in urban parks as an example, Amati used videos to analyse the relationship
between attention to different landscape elements and landscape evaluation [22]. The
results showed that there were significant differences in the fixation time on various
landscape elements. The participants spent the longest time viewing vegetation areas of
interest (AOIs) in the form of bushes or trees and less time viewing artificial structures
and the sky. Although the proportion of artificial structures was small, the relative fixation
duration on these was the longest. At the same time, the evaluation of parks was related to
the fixation duration on certain landscape elements.

Li found that the proportion of various landscape elements affected the evaluation
of landscape spaces [23]. The higher the proportion of a certain landscape element, the
faster and longer people focused on it. Among all landscape elements, trees had the
greatest positive impact on evaluation scores, followed by shrubs and aquatic plants,
while herbaceous plants had less impact. In addition, water had a positive impact on the
evaluation scores. Khachatryan found that the proportion of landscape elements can also
affect visual behaviour [42]. Their study pointed out that the ratio of lawn and ornamental
plants is very important in courtyard design. People preferred landscape spaces with
even proportions of ornamental plants and lawns, and there were more attention points in
these landscapes.

Through the review of the above research, we found that many researchers have
discussed and analysed the influence of landscape space on visual behaviour and cognitive
preferences. However, landscape elements are important media through which people
recognize landscapes and act as carriers for designers to express ideas. Especially in
forest landscape spaces, landscape elements are not only a simple means of information
transmission but also an important factor determining spatial characteristics. Why do
people focus on certain landscape elements during landscape perception? What are the



Forests 2022, 13, 47 4 of 22

characteristics of the landscape elements that affect cognition? These questions are very
important in forest landscape cognition research but have not been definitively answered.

Forest recreation accounts for an increasing proportion of leisure time. Therefore, un-
derstanding visual and psychological evaluation feedback after viewing forest landscapes
can help forest planners better manage resources and adjust plans. However, at present,
feedback on cognitive preferences for forest landscapes is based mainly on the overall
landscape space, while the relationship between element composition characteristics, visual
behaviour, and cognitive preferences need to be further analysed and discussed.

Our research took forest landscape spaces as the object, analysed the characteristics
of visual behaviour, and cognitive preferences for elements in various forest landscape
spaces, and considered the interactions among element characteristics, visual behaviour and
cognitive preferences. The findings will help designers better plan the spatial composition
of forest landscapes and the layout of various landscape elements.

The main research contents are as follows:

(1) Characteristics of and differences in visual behaviour for various elements in forest
landscape spaces;

(2) Characteristics of cognitive preferences for various elements in forest landscape spaces;
(3) Relationship among element characteristics, cognitive preferences and visual behaviour.

2. Methods
2.1. Study Area

Three kinds of forest landscapes were selected as sample plots: water landscapes,
lookout landscape (scenic viewpoint), and in-forest landscapes. The water landscapes were
divided into dynamic water landscapes and static water landscapes. The in-forest spaces
were divided into broadleaved forest landscapes, coniferous forest landscapes, and mixed
forest landscapes. After on-site investigation and exploration, five forest parks of Liaoning
Province in northeastern China were selected as research sample plots (Figure 1).
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Figure 1. The locations of the study sites. (A): Shenyang National Forest Park is located in eastern
Shenyang and has a forest coverage rate as high as 96%. Natural secondary forests and deciduous
broadleaved trees constitute the majority of the elements. (B): Hemu National Forest Park is located
in southeastern Fushun, Liaoning Province. The vegetation is mainly planted larch forest and Korean
pine. (C): Greenstone Valley National Forest Park in Benxi is a typical natural scenic spot with a forest
coverage rate of 90%. Typical landscapes in autumn include maple forests and lake views. (D): The
“Liberated Forest” in Caohekou, Benxi, is the first artificially planted Korean pine forest in China.
(E): Phoenix Mountain National Scenic Area is located in southeastern Fengcheng and has magnificent
mountains and abundant waterfall resources. It is famous for its mountains and maple forests in
autumn. It is a typical scenic spot in eastern Liaoning.
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In the early stage, we selected 24 sample plots in five forest parks. After screening by
10 experts and 20 nonexperts, we ultimately selected 6 sample plots that best represent the
forest landscape of northern China. Among them, a dynamic water landscape and lookout
landscape are located in Phoenix Mountain Scenic Area, a static water landscape is located
in Greenstone Valley National Forest Park, a broadleaved forest landscape is located in
Hemu National Forest Park, a coniferous forest landscape is located in Liberation Forest,
and a mixed forest landscape is located in Shenyang National Forest Park.

2.2. Collection of Experimental Materials
2.2.1. Photograph Acquisition

Previous studies have shown that landscape spatial photographs can effectively replace
on-site investigation of the environment [20,43]. In addition, previous studies have pointed
out that using photographs as experimental samples for eye-movement cognition surveys is
a credible approach [44,45]. Field experiments, especially controlled experiments, have some
shortcomings because certain objective factors, such as weather conditions, temperature, and
sound, can affect the research results [25,46]. Therefore, in this study, landscape photographs
were used as experimental materials for the eye-movement experiment.

Second, we wanted to capture the view of the landscape in real life to the greatest
extent possible. Edited images or simulated landscape images may result in different eye
movements. Therefore, we used original images rather than edited images.

Autumn is the peak time for people to visit forest parks [47]. Because of temperature differences
and other factors, people tend to favour the typical colour changes in autumn forest landscapes [16].
All landscape photographs were taken with an Olympus EM5 SLR camera at a distance of 10 metres
and a height of 170 cm from the edge of the object space [32]. The photographs were taken from
1 to 3 October 2017, from 10:00 a.m. to 11:00 a.m. in sunny conditions.

A total of 50 pictures were taken in this field survey, and 10 experts and 20 nonexperts
selected 6 photographs that were ornamental and could represent one type of landscape as the
final experimental materials. Each picture corresponded to a specific kind of forest landscape.

2.2.2. Eye-Movement Data Acquisition

We used a German head-mounted SMI Glass2 eye tracker to record the participants’
eye movements when viewing the landscape pictures (Figure 2).Forests 2022, 13, x FOR PEER REVIEW 6 of 23 
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experiment. (B): The eye-tracking experiment site. (C): PowerPoint playback diagram in the eye-
tracking experiment. (D,E): Cognitive preferences survey site.
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2.2.3. Questionnaire Data Collection

After the eye-tracking experiment, the experimental materials were displayed again,
and the participants were asked to complete the questionnaire on cognitive perception
(including satisfaction) for each landscape photograph. To avoid confusion, we numbered
the photographs and questionnaires so that they corresponded one to one. All questions
were scored using a seven-point answer scale, where 1 indicated the worst and 7 the best.
The participants also reported the landscape elements they liked in the landscape space.

2.3. Participants

Our aim is to improve the visual quality of forest landscapes and optimize existing
forest landscapes based on visual and cognitive feedback. The participants needed to be
able to judge the visual quality of forest landscape spaces accurately. Therefore, we chose
undergraduates and postgraduates in various majors at Shenyang Agricultural University
as the research participants.

As experimental subjects, the participants were representative [24,32]. They had
basic abilities of aesthetic appreciation and judgement and could accurately express their
cognitive preferences when observing the forest landscape pictures. Moreover, the fact that
the students were in different majors could help us understand the cognition of subjects
with different professional backgrounds.

All participants volunteered for the study. Our procedures and requirements for
recruiting these volunteers fully comply with the ethical standards of the College of Forestry,
Shenyang Agricultural University, China (CF-EC-021-002). We only used the eye-movement
data and preference assessment books of the subjects for academic research, not for any
commercial activities. Their vision was normal or corrected to normal, and they had no eye
problems such as colour blindness, strabismus, or astigmatism.

For our survey, we recruited 60 undergraduates and postgraduates aged between
18 and 24, including students in landscape architecture, forestry, economic management,
and horticulture. Final valid data were acquired for 53 participants (28 men and 25 women).
The ratio of landscape professionals to non-landscape professionals was 1:0.83.

2.4. Experimental Design

The experiment was divided into two parts: an eye-tracking experiment and a cogni-
tive evaluation experiment. The experiment was conducted in the Ecological Landscape
and Environment Laboratory of the College of Forestry, Shenyang Agricultural University,
from December 2018 to September 2019.

First, we conducted the eye-tracking experiments in batches in laboratory A, which
was soundproof and had weak light, and collected relevant experimental data. In laboratory
A, we used an EPSONXGA2800 projector with a resolution of 1024 × 768 to project the
landscape pictures onto a 140 × 190 cm screen. After entering laboratory A, the participants
were asked to sit 3 m away from the screen and listen to the instructions. Then, they put on a
head-mounted German SMI Glass2 eye tracker with a sampling frequency of 120 Hz/s, and
3-point calibration was performed. Because the cognition of space is a process that takes
time to understand [48], we referred to previous studies [49] and set the observation time
for each experimental picture to 15 s. The participants viewed six experimental pictures
and five blank pictures, and each data acquisition period lasted approximately 120 s.

After the eye-movement experiment, the participants were led to laboratory B to fill
out the cognitive evaluation questionnaire. Each photograph corresponded to a question
with an answer scale of 7, with 1 being the worst and 7 being the best. The cognitive
evaluation period for each landscape photograph was approximately 40 s, and the entire
experiment lasted approximately 230 s.

The layout of laboratory A and the experimental process are shown in Figure 2.
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2.5. Selection of Indicators
2.5.1. Selection of Eye-Movement Indicators

To analyse the participants’ visual behavioural characteristics when viewing each
AOI, we combined the results of previous studies to select seven eye-movement indica-
tors, including time to first fixation, first fixation duration, regression count, number of
fixation points, percentage of fixation duration, regression time, and average pupil diame-
ter [20,23,27,33]. The meanings of the eye-movement indicators are shown in Table 1 [48].

Table 1. The meanings of eye-movement indicators.

Eye-Movement Indexes Abbreviation Significance

Time to first fixation/(ms) TFF
Refers to the time point of first looking at an AOI
when viewing a picture, reflecting how quickly

the participant is attracted to a certain AOI.

First fixation
duration/(ms) FFD

Refers to the duration of the first fixation on the
AOI, which best reflects the early processing

state when viewing pictures.

Regression count/(count) RC

Refers to the number of times that the AOI was
viewed again after the first gaze, which reflects
the participant’s reprocessing of the previous

picture information.

Number of fixation
points/(count) NFP

Refers to the total number of gaze points in the
AOI, effectively reflecting the cognitive

processing load of or degree of interest in the
AOI; AOIs with greater cognitive load or more

interest have more viewing points.

Percentage of fixation
duration/(%) PFD

Refers to the ratio of the total fixation time on the
AOI to the total fixation time on the whole

picture and is an effective index of fixation on the
region of interest accounting for the

total fixation process.

Regression time/(ms) RT
Refers to the sum of all gaze time spent looking

back to the current AOI and reflects the
postprocessing of the picture.

Average pupil
diameter/(mm) APD

Refers to the average pupil diameter while
viewing the AOI, reflecting the cognitive

processing degree and cognitive load
of the participant.

2.5.2. Selection of Cognitive Perception Evaluation Indicators

To understand the participants’ cognitive perception evaluations of the entire land-
scape spaces and landscape elements, we divided the AOIs according to the types of
landscape elements and chose satisfaction with the entire space and AOI preferences as
cognitive preference evaluation indicators. The meanings of the cognitive perception
evaluation indicators are shown in Table 2. We used a 7-point answer scale to evaluate sat-
isfaction with the whole landscape space, and AOI preferences were based on the favourite
landscape constituent elements written down by the participants. The favourite constituent
elements were recorded as 1 point, and those not mentioned were recorded as 0 points.
Finally, we obtained the level of satisfaction with different landscape elements.

Table 2. The meanings of cognitive perception evaluation indicators.

Cognitive Preference Indexes Abbreviation Significance

The satisfaction TSA How satisfied are you with this landscape
The preferences of AOI TPA What are your favourite landscape elements
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2.6. Analysis and Statistics

We used BeGaze 3.7 eye-tracking software to process the original data and analysed
them with SPSS Statistics 23.0 (IBM Inc., Armonk, NY, USA) to view visual behaviour and
cognitive preferences when viewing various elements in a forest landscape space (Figure 3).
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Figure 3. The overall framework of the paper. TSA: the satisfaction; TPA: the preference for AOI; TY:
AOI type; CO: complexity; POE: proportion of elements; TFF: time to first fixation; FFD: first fixation
duration; RC: regression count; NFP: number of fixation points; PFD: percentage of fixation duration;
RT: regression time; APD: average pupil diameter.

The specific analysis steps are as follows:

(1) One sample Kolmogorov–Smirnov test was used to determine whether the over-
all data were normally distributed and to determine the appropriate analysis and
difference test methods.

(2) After confirming that all data were normally distributed, we used a factor analysis to
calculate the visual behaviour scores (VBSs) for each space.

(3) One-way ANOVA was used to analyse the eye-movement behavioural differences among
the participants when viewing various landscape elements in various types of spaces.

(4) Spearman’s rho analysis was used to analyse whether there was a correlation between
the characteristics of constituent elements, the participants’ visual behaviour and
cognitive preferences for each AOI.

(5) Multiple linear regression was used to establish the regression equation models of the
characteristics of landscape elements, the participants’ visual behaviour, and cognitive
preferences for different AOI types. We analysed how the three factors influenced
each other with this model.

2.7. Composition Characteristics of Elements in Each Space
2.7.1. Classification of Constituent Elements

First, based on research by Lin, we divided the forest waterscape space and the
in-forest space into plants, terrains, waterscapes, and structures (landscape architecture,
stones, and tourists) [50]. Second, the plant elements of the in-forest landscape space were
further divided into trees, bushes, and ground cover. Due to the particularity of the lookout
landscape, according to the Kyoto Landscape Protection Plan and research by Liu et al., we
divided the lookout landscapes into foreground and distant views [51,52]. See Table 3 for
the elements of the various forest landscapes.
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Table 3. Classification of constituent elements in various types of forest landscape space.

Type of Landscape Space Construction Elements of the Space

Dynamic water landscape Trees, terrain, waterscape, structures
Static water landscape Sky, terrain, waterscape, structures

Lookout landscape Sky, foreground, distant view, structures
Broadleaved forest landscape Trees, ground cover, structures
Coniferous forest landscape Trees, ground cover

Mixed forest landscape Trees, bushes, ground cover, structures

We used BeGaze 3.7 to divide each AOI according to the types of landscape elements and
studied the effects of the landscape elements on the participants’ eye-movement behaviours.

2.7.2. Quantification of the Characteristics of Constituent Elements

The constituent element forms varied with the landscape space. To understand how
the constituent elements affect visual behaviour, we quantified the complexity, proportion
of the elements, and the VBS for each constituent element as follows:

(1) Complexity (CO): Xu pointed out that the complexity of an image can be measured by
its colour complexity [53]. Therefore, we measured complexity by calculating the colour
complexity of each element in the forest landscape space. The HSV colour model was
adopted as the quantitative model [54]. The calculation formula is as follows:

C = −
m

∑
i=1

nilog
(ni

N

)
+

m

∑
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where C represents the complexity of an image, m represents the number of different
colour types, i represents the kind of colour, n represents the number of pixels in one
kind of colour, N represents the total number of pixels in an image, k represents the
number of different connected domains of one colour in the image, j represents the kind
of connected domain, and h represents the number of pixels of one connected domain.

(2) Proportion of elements (POE): The proportion of elements is also an important at-
tribute of landscapes [44]. In this study, the proportion of elements in the entire picture
is the proportion of pixels in the entire picture. The calculation formula is as follows:

P =
e
E

where P represents the proportion of the element, E represents the total number of
pixels in the image, and e represents the number of pixels of the element.

(3) Visual behaviour score: The VBS associated with eye-movement indicators is repre-
sentative and reflects people’s visual attention when viewing an AOI [18,31]. Factor
analysis in SPSS 23.0 was used to reduce the dimension of each eye movement index
and to obtain the variance contribution rate of each eye-movement index for each
common factor. Then, the comprehensive score of each landscape element was calcu-
lated by a formula in which the variance contribution rate corresponding to each eye
movement index collected was the weight. The calculation formula is as follows:

V =
Fx1 Vx1 + Fx2 Vx2 + . . . . . . + Fxn Vxn

Fx1 + Fx2 + . . . . . . + Fxn

where V is the VBS, n is the kind of eye-movement indicator, Fx is the factor score
of an eye-movement indicator, and Vx is the variance contribution rate of this eye-
movement indicator after factor analysis.
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3. Results
3.1. Visual Behaviour Scores and Characteristics of Landscape Elements in Different Forest Spaces

By dividing the AOIs and performing complexity calculations and factor analyses, we
obtained complexity, proportion and VBS for each AOI (Table 4).

Table 4. VBSs and characteristics of landscape elements in forest spaces.

Spatial Type Type of AOI Complexity Proportion Visual Behaviour Score

DWL

Trees 0.922 65.400 0.742
Terrains 0.219 11.400 −0.511

Waterscape 0.303 20.600 0.269
Structures 0.053 2.600 −0.500

SWL

Terrains 0.275 24.800 0.341
Waterscape 0.352 39.600 0.212
Structures 0.027 1.200 −0.339

Sky 0.022 34.400 −0.215

LL

Structures 0.001 2.600 −0.020
Sky 0.001 46.900 −0.297

Foreground 0.751 34.400 0.700
Distant view 0.010 8.100 0.160

BFL
Trees 0.722 52.900 0.359

Ground cover 0.727 41.300 0.453
Structures 0.177 6.700 −0.813

CFL
Trees 0.794 66.500 0.322

Ground cover 0.470 33.500 −0.322

MFL

Trees 0.647 49.200 0.556
Bushes 1.309 48.400 0.838

Ground cover 0.096 1.700 −0.703
Structures 0.023 0.700 −0.695

DWL: dynamic water landscape; SWL: static water landscape; LL: lookout landscape; BFL: broadleaved forest
landscape; CFL: coniferous forest landscape; MFL: mixed forest landscape.

Generally, plant elements have the largest proportion in a forest landscape space, and
their complexities and VBSs are also higher than those of other elements (Table 4).

In the water landscape space, the landscape elements near the waterscape obtained
more VBSs than the waterscape itself (trees in the dynamic water landscape scored 0.742,
and terrain in the static water landscape scored 0.341). Obviously, the combination of
landscape elements near a waterscape attracts more visual attention than the waterscape.

In the lookout landscape, the foreground had the highest proportion and complexity,
and the VBS was also the highest (0.700).

In the in-forest landscape, the complexity and proportion of plants were higher than those
of other elements, and trees obtained high scores (trees scored 0.359 in the broadleaved forest
landscape, 0.322 in the coniferous forest landscape, and 0.556 in the mixed forest landscape).

The AOI visual behaviour scores varied with the type of forest landscape space. We also
found an interesting phenomenon: in the landscapes that contained tree elements, the VBSs for
trees were all higher, which is consistent with the conclusion of Nordh and Amati [22,24].

In addition, we found that the complexity and proportion of elements affected visual
behaviour scores. For example, ground cover elements in the broadleaved forest landscape
had higher visual behaviour scores, while those in the coniferous and mixed forest land-
scapes had lower visual behaviour scores. This may be due to the low complexity and
proportion of ground cover in the coniferous and mixed forests landscapes.

3.2. Visual Behavioural Characteristics and Variation in Elements with Forest Landscape Space

To understand the visual behavioural characteristics of different landscape elements in
each forest landscape, first, we used Voronoi diagrams (Figure 4) to analyse the distribution
form of the viewpoints in each landscape element of each forest landscape space. According
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to the research of Edelsbrunner [55], we made a Voronoi diagram in units of landscape
picture pixel size using Python. The diagram directly reflects the distribution of the points
in the plane space. Then, we used one-way ANOVA and box plots (Figure 5) to compare the
differences in eye-movement behaviours when the participants viewed various landscape
elements in the different forest landscapes.
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Figure 4. Fixation point distribution of various elements in the forest landscape spaces. In the
Voronoi diagram, when the points are uniformly distributed, the adjacent Voronoi polygons have
the same size. When the points are aggregated, the Voronoi polygons have different sizes, smaller
in the aggregation area and larger outside the aggregation area. When the points are randomly
distributed, the Voronoi polygon sizes are between uniform distribution and aggregate distribution.
(1): dynamic water landscape; (2): static water landscape; (3): lookout landscape; (4): broadleaved
forest landscape; (5): coniferous forest landscape; (6): mixed forest landscape; (A): original map;
(B): Voronoi distribution map of fixation points; (C): AOI map.
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Figure 5. Comparison of eye-movement indexes for various landscape elements in the forest land-
scapes. (A): The box plot of time to first fixation; (B): The box plot of first fixation duration; (C): The
box plot of regression count; (D): The box plot of number of fixation points; (E): The box plot of
percentage of fixation duration; (F): The box plot of regression time; (G): The box plot of average pupil
diameter. *. significant at the 5% level, **. significant at the 1% level, ns: no significant difference.
TR: trees; BU: bushes; GC: ground cover; TE: terrain; WA: waterscape; ST: structure; SK: sky; FO:
foreground; DV: distant view.
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First, in the forest waterscape space, we found that although it is the same waterscape,
the visual behaviours in the two spaces were obviously different. In the dynamic water
landscape, the viewpoints tended to focus on the waterscape, trees, and structures near the
vanishing point of sight (Figure 4(1-B)), while in the static water landscape, the viewpoints
tended to focus on the terrain and the reflection of terrain near the water (Figure 4(2-B)).
This tendency may be related to spatial composition. The dynamic water landscape was a
one-point perspective, while the static water landscape was a horizontal perspective. The
distribution of viewpoints was concentrated mainly near the vanishing point of sight and
the apparent horizon. The eye movement indexes (Figure 5) showed that two spaces had
something in common: in the waterscape space, the participants spent a long time viewing
and regressing to the landscape elements with the largest proportion near the waterscape
rather than the waterscape itself.

Second, in the lookout space, the viewpoints were concentrated in the foreground,
while the viewpoints in the sky were scattered (Figure 4(3-B)). The box plot was consistent
with the Voronoi diagram; that is, more attention was paid to the shape of the close-up
view of the mountain when overlooking. At the same time, we found that even when the
proportion of structures in the scene was very small, the participants still quickly paid
attention to structures. Therefore, structures may play a role in guiding the line of sight in
the early stage of observation.

Finally, in the forest landscape, the Voronoi diagram (Figure 4(4-B,5-B,6-B) and box plot
(Figure 5) show that trees and shrubs in the upper layer of space have the most viewpoints.
Compared with other elements, the fixation times on trees and shrubs were longer, and the
regression count are more. We also found that although there were structures (rocks) in
broadleaved and mixed forest landscapes, the rocks in the broadleaved forest landscape
accounted for a larger proportion and were closer to the centre of the image. Therefore,
rocks in the broadleaved forest landscape were more easily noticed, and the fixation times
were longer.

Based on the above results, we found that (1) when the participants observed the
elements of the forest landscape, different characteristics affected their attention distribution
and then led to significant differences in visual behaviours, and (2) the distributions of
fixation points and eye movement behaviours were obviously influenced by the overall
spatial composition and the position of elements. The elements closer to the composition
line and the centre of the picture were more likely to be noticed, and more fixation time
was spent on those elements.

3.3. Cognitive Preference Characteristics of Each Landscape Element in Various Forest Landscape Spaces

We categorized the descriptions of the favourite elements in the six types of forest
landscape in the questionnaires (Figure 6) and found that the preferred elements varied
with forest landscapes.

On the whole, the participants generally liked plant elements, especially trees, in the
various forest landscapes (Figure 6). Meanwhile, the special elements of landscape spaces,
such as the waterscape in the forest water landscape and the foreground in the lookout
landscape, were preferred by the participants.
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Figure 6. Favourite landscape elements in forest landscape spaces. DWL: dynamic water landscape;
SWL: static water landscape; LL: lookout landscape; BFL: broadleaved forest landscape; CFL: conif-
erous forest landscape; MFL: mixed forest landscape. TR: trees; BU: bushes; GC: ground cover;
TE: terrain; WA: waterscape; ST: structure; SK: sky; FO: foreground; DV: distant view.

3.4. The Relationship among Visual Behaviour, Element Characteristics, and AOI Preferences
3.4.1. The Correlation between Element Characteristics, Cognitive Preference Indicators,
and Eye-Movement Indicators

We used Spearman correlation analysis to analyse the correlation among element
characteristics, AOI preferences, and eye-movement indicators (Table 5).

Table 5. Correlation analysis of element characteristics, AOI preferences, and eye-movement indicators.

TFF FFD RC NFP PFD RT APD TPA TSA

Spearman’s rho

CO 0.020 0.430 ** 0.639 ** 0.735 ** 0.557 ** 0.715 ** 0.435 ** 0.259 ** −0.148 **
POE −0.031 0.406 ** 0.565 ** 0.658 ** 0.667 ** 0.635 ** 0.418 ** 0.309 ** −0.088 **
TSA 0.072 * 0.012 −0.133 ** −0.057 −0.027 −0.077 ** −0.059 0.175 ** 1.000
TPA 0.049 0.212 ** 0.215 ** 0.300 ** 0.318 ** 0.264 ** 0.228 ** 1.000 0.175 **

N 1110 1110 1110 1110 1110 1110 1110 1110 1110

* Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 level (2-tailed). TSA:
the satisfaction; TPA: the preference for AOI; CO: complexity; POE: proportion of elements; TFF: time to first
fixation; FFD: first fixation duration; RC: regression count; NFP: number of fixation points; PFD: percentage of
fixation duration; RT: regression time; APD: average pupil diameter.

As shown in Table 5, we found that the complexity and proportion of elements had no
significant correlation with time to the first fixation but had a significant correlation with
other eye-movement indicators and VBSs.

The results indicated that the characteristics of the elements significantly affected
the visual behaviour of the participants. Among them, complexity and proportion were
positively correlated with six eye-movement indicators (first fixation duration, regression
count, number of fixation points, percentage of fixation duration, regression time, and
average pupil diameter). That is, the higher the complexity and proportion of an AOI, the
more time the participants spent viewing the area.

Preference for AOI and satisfaction were also significantly correlated with certain
eye-movement indicators. Among them, first fixation duration, regression count, number
of fixation points, percentage of fixation duration, regression time, and average pupil
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diameter were positively correlated with AOI preferences. However, first fixation duration
was positively correlated with satisfaction, while regression count and regression time were
negatively correlated.

Additionally, there was a significant positive correlation between preference for con-
stituent elements and satisfaction. That is, the more constituent elements the participants
liked in a space, the more satisfied they were with the landscape.

3.4.2. The Relationship among Element Characteristics, Cognitive Preferences, and
Eye-Movement Behaviours

Through multiple linear regression, we established a linear regression model among
element characteristics, eye-movement indicators, and cognitive preference indicators (Figure 7).
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Figure 7. The model diagram of multivariate linear regression was established by element character-
istics, cognitive preference indicators, and eye-movement indicators. TSA: the satisfaction; TPA: the
preference for AOI; CO: complexity; POE: proportion of elements; TFF: time to first fixation; FFD: first
fixation duration; RC: regression count; NFP: number of fixation points; PFD: percentage of fixation
duration; RT: regression time; APD: average pupil diameter.

(1) Influence of element characteristics on visual behaviour

In addition to the time of the first fixation, complexity made a positive contribution
to the four eye-movement indicators, including first fixation duration, regression count,
regression time, and average pupil diameter (Figure 7). The proportion of elements made
a positive contribution to the five eye-movement indicators: time to the first fixation,
regression time, number of fixation points, percentage of fixation duration, and average
pupil diameter. At the same time, the contribution rate of complexity was greater than
the proportion of elements in the first fixation duration, number of fixation points and
regression time.

In other words, the higher the complexity and proportion of elements, the more
time the participants spent viewing and the more fixations they generated. Complexity
influenced visual behaviour more than the proportion of elements.

(2) Influence of element characteristics and eye-movement indicators on AOI preferences
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Few AOI eye-movement indicators influence AOI preferences (Figure 7). This might be
because eye-movement indicators and AOI preferences are different dimensional indicators,
and the mechanism of the mutual influence is complex. Eye-movement indicators might
only be a reaction of preference rather than an influencing factor.

We found that the more fixation points there were, the more the participants liked
the elements. However, the more regression there was, the less the participants liked the
landscape elements (Figure 7).

In the forest landscape spaces, some landscape elements that the participants fell in
love with at first sight easily gained higher preference. Other elements that were viewed
repeatedly did not obtain the participants’ preference. The results indicated that the
preference for elements depends on the first impression.

(3) Influence of element characteristics and AOI preferences on satisfaction

As Figure 7 shows, element characteristics and preferences have an impact on sat-
isfaction. Among them, the complexity of elements has a significant negative impact on
satisfaction, while the proportion of and preference for elements have positive effects.

Therefore, we found that when viewing the entire landscape space, the participants
allocated more visual attention to elements with high complexity and proportions. However,
they were more likely to favour simple and large landscape elements. The more of these
elements there were, the higher the satisfaction with the pictures representing landscape spaces.

4. Discussion
4.1. With the Composition of Forest Landscape Spaces and the Different Ways of Combining
Landscape Elements, Users’ Visual Behaviour in Relation to Landscape Elements also Differs

We found that visual behaviour varied with the elements in a forest landscape space
(Table 4), which is consistent with the results of Li and Cottet [23,25].

In the forest landscapes, the participants paid more attention to the main elements,
such as plants in the in-forest space and the foreground in the lookout space. As the main
landscape elements in forests, plants attract more visual attention. Among all plant types,
users pay more attention to trees, which is consistent with the findings of Nordh and other
researchers [24,56]. Especially in the in-forest space, the vertical combination, collocation,
and composition of the space affected visual behaviour (Figure 4).

However, in the waterscape spaces, people paid more attention to the landscape
elements around the waterscape (Figure 5). This may have been because waterscape is a
highly fascinating landscape element, and the participants’ observation modes are different
than for other landscape elements. There may be two reasons for this result. First, the
landscape elements concerned were all close to the vanishing point of sight or apparent
horizon, and the participants were easily influenced by the overall spatial composition
when viewing. Second, this phenomenon may verify Kaplan’s hypothesis. Nordh showed
that water is a highly fascinating landscape element [57]. Berto et al. showed that the
number of gaze points was significantly less in a highly fascinating landscape than in a
low fascinating landscape [38]. That is, waterscapes are a highly fascinating landscape
element that is so easy to understand that people pay little attention to them. Therefore,
after quickly understanding the waterscape, the participants turned their attention to other
landscape elements around the waterscape.

In contrast, the landscape elements around the waterscape are low fascinating ele-
ments, so people need to pay more attention to viewing and recognizing them. That is, in
the landscape space, people are easily attracted by highly fascinating landscape elements,
but they allocate more cognitive efforts to understand the low fascinating elements around
them, which leads to the phenomenon of attention diversion.

4.2. The Cognitive Preferences of Users for Each Element Vary with Forest Landscape Space

The cognitive preferences for a given element vary with the forest landscape space
(Figure 6), which verifies previous research results [23,56]. People prefer the main landscape
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elements in a space, such as plants in the forest landscape, especially trees. Additionally,
the participants had a strong preference for the special landscape elements in forests.

4.3. Interactive Influence among Element Characteristics, Visual Behaviour, and Cognitive Preferences

According to the results of multiple linear regression (Figure 7), there are mutual influences
among element characteristics, cognitive preference indicators, and eye-movement indicators.

(1) Regarding the influence of element characteristics on visual behaviour, the com-
plexity and proportion of elements significantly affect visual behaviour. The higher the
complexity and proportion of the elements, the more time the participants spent viewing
them. The results indicated that more cognitive effort is required to deal with highly com-
plex and large elements. This is similar to the findings of Franěk et al. [30], who showed a
positive correlation between image complexity and fixation duration.

Regarding the meaning of eye-movement indicators, time to the first fixation and first
fixation duration mainly reflect the early period of cognition, regression time and regression
count mainly reflect the later period of cognition, and total fixation time mainly reflects the
whole cognitive process over a long period [47,58].

According to the results of the equation model (Figure 7), first, in the whole cognitive
process, the positive contribution of complexity to the percentage of fixation duration was
greater than that of the proportion of elements. Second, in the early period of cognition,
only complexity made a positive contribution to time to first fixation, and the contribution
of complexity to first fixation duration was greater than that of the proportion of elements.
Finally, in the later period of cognition, complexity made a positive contribution to re-
gression count, while the proportion of elements made a greater positive contribution to
regression time than complexity.

Therefore, we deduced that complexity and proportion of elements both play im-
portant roles in the whole cognitive process, and complexity is more important. In the
early period of cognition, the effect of complexity is greater than that of the proportion of
elements, but in the later period of cognition, both have significant effects.

Thus, element characteristics in the forest landscape space affect the cognition of space.
The landscape cognition stage moves from incomprehension to exploration and finally
to recognition. In this process, the element characteristics that affect a given cognitive
stage may change. This is a significant and interesting topic that involves the influence
mechanism of spatial elements of forest landscapes on cognition.

(2) Regarding the influence of element characteristics on cognitive preference, first,
the larger the proportion of an element is, the higher the preference for that element. In
addition, complexity affects element preference. We found that the participants did not
always prefer overly complex landscape elements, even though those elements required
more visual attention. This may be because people have a tolerance threshold for element
complexity and tend to prefer images of moderate complexity [33]. At the same time, the
more complex elements in the scene were, the more time the participants spent on cognition
and exploration, which led to a greater cognitive load, thus reducing overall satisfaction
with the space. After all, in a completed landscape space, people prefer simplicity.

(3) Regarding the effect of visual behaviour on cognitive preferences, landscape el-
ements with more fixations are more likely to be favoured by users. Since each eye-
movement behaviour affects the formation of preferences [1], an increase in viewing time
may also lead to an increase in preference. This result is consistent with the findings of
Huang [33], who showed that landscape preferences are positively correlated with the
number of fixation points.

On the other hand, the regression coefficients of regression count and element prefer-
ences are negative (Figure 7). We found that the first observation of an element could lay the
foundation for preferring the element. In other words, repeated exposure to something we
initially dislike only makes us dislike it more [59]. In the entire experiment, the participants
repeatedly viewed various landscape elements in the forest landscape to understand the
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space. In the cognitive process, disliked elements may weaken a preference when they are
repeatedly viewed.

4.4. Limitations

In this study, landscape photographs were used as experimental samples. Although
some studies have confirmed the effectiveness of photographs as a visual substitute for
landscape assessment [20,43], the perception of landscape is multisensory; that is, it is not
only visual but also involves other senses, such as hearing and smell [60]. Experiencing
landscape through photographs only under laboratory conditions may result in truncated
feelings [25]. Therefore, one topic worthy of further study is exploring the influence of
other sensory stimuli on the cognition of vision and landscape spaces.

The data obtained in this study were from college undergraduate and graduate students
who had received higher education and had background knowledge of agriculture and forestry.
Although some studies have shown that student data are representative [36,61], the growth
background of such users affects their cognition of forests [17]. At the same time, it is undeniable
that middle-aged and elderly people have more leisure time and make up the main body of
forest park users. Therefore, exploring the impact of demographic characteristics on visual
behaviour and cognition is another topic for future research.

In addition, with changes in seasons, forests can bring different visual experiences
to tourists. Therefore, in the future, we will analyse the influence of elements in various
landscape spaces on people’s eye-movement behaviours and cognitive preferences in
different seasons.

Finally, in future research, we will expand the choice of sample plots. At present, the
selected forest landscape sample plot has a high degree of artificiality, but the sense of
wildness is also one of the charms of forests. It is also a necessary subject to explore the
influence of forest primitiveness on visual behaviour and psychological cognition. At the
same time, we will consider visual behaviour and psychological cognition when looking at
different viewing angles to help designers better choose the location of viewing points.

5. Conclusions and Suggestions
5.1. Conclusions

Landscape elements are important components of landscapes that determine the
spatial characteristics to a certain extent. This study is based on our previous analysis
of visual behavioural characteristics and cognitive preferences in different types of forest
spaces. From the perspective of spatial composition and element characteristics, we further
analysed how landscape elements and their combinations influenced visual behaviour and
cognitive preferences in different types of forest landscapes.

Specifics are as follows:

(1) Visual behaviour towards various elements is influenced by the overall spatial com-
position. With changes in the composition of a forest landscape space and different
ways of combining landscape elements, visual behaviour towards landscape elements
also differs. People are more likely to pay attention to landscape elements near the
vanishing point of sight or apparent horizon.

(2) In landscape spaces, people tend to shift their attention. At first, attention is easily
attracted by highly fascinating landscape elements, but more time will be spent on
less fascinating landscape elements.

(3) Element characteristics significantly affect visual behaviour and cognitive preferences.
(4) It takes people more time to recognize elements with high complexity and proportion.

However, this does not mean that people prefer this kind of element, and people may
reduce their satisfaction evaluations of a whole space because of the complex colour.
The elements that people prefer at first sight usually account for a large proportion
and low complexity. At the same time, judging from the influence of element char-
acteristics on satisfaction, the more landscape elements with large proportions but
simple forms there are, the higher the satisfaction with the landscape space.
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5.2. Suggestions

Previous studies have shown that photographs can replace scenic landscapes for
research purposes [20,43], and our research is based on using visual perceptions to study
the relationship between the characteristics of landscape elements, visual behaviour, and
psychological cognition. In forest parks, landscape nodes are the space where people
spend the most time, so the landscape effect of landscape nodes needs special attention.
Our sample sites are all located at the landscape nodes in the forest park. Therefore, we
proposed the following suggestions to help forest planners better optimize the landscape
node space in the forest park.

Forest landscape spaces are composed of various landscape elements. In terms of
visual effects, landscape spaces also include the composition effect (Figure 8). Therefore,
regarding the planning of forest landscapes, designers should consider not only the compo-
sition effect but also the characteristics and combination of landscape elements according
to landscape type.
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Overall, firstly, designers should avoid using landscape elements that are too complex,
which can easily make people feel tired and reduce their satisfaction. Based on the results of
characteristics and satisfaction with constituent elements (Figure 7), people prefer elements
with large proportions but simple forms. Therefore, landscape designers should pay
attention to this preference and follow the design rule that simplicity is beauty. Second,
designers should pay attention to the composition form of the whole space. The vanishing
point of sight and elements near the apparent horizon are more likely to attract viewers’
attention. Using these features, designers can better present the landscape elements that
they wish to highlight in a particular space.

In forest waterscape landscapes, designers should pay attention to the collocation of
elements near waterscapes and the outline of reflection. These two landscape combinations
are the most important parts of waterscape spaces, and their forms and characteristics
significantly affect satisfaction with the whole space.
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In lookout landscape, designers can take advantage of the features that the struc-
tures on a mountain are easy to be identified to guide viewers’ sight and then create the
overlooking sight corridor.

In in-forest landscapes, trees and tall shrubs are the focus of attention, so designers
should carefully consider the shapes of the upper and middle spaces when planning. At the
same time, they should pay attention to the density of trees to avoid reducing satisfaction
with the forest landscape due to too many complex tree elements.
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