
Article

Rapid Estimation of Stomatal Density and Stomatal
Area of Plant Leaves Based on Object-Oriented
Classification and Its Ecological Trade-Off
Strategy Analysis

Jiyou Zhu 1, Qiang Yu 1 , Chengyang Xu 1,*, Jinhang Li 1 and Guoming Qin 2

1 Key Laboratory for Silviculture and Conservation of Minnistry of Education, Key Laboratory for Silviculture
and Forest Ecosystem of State Forestry Administration, Beijing Forestry University, Beijing 100083, China;
zhujiyou007@163.com (J.Z.); yuqiang@bjfu.edu.cn (Q.Y.); ljhbjfu@163.com (J.L.)

2 Research Institude of Tropical Forestry, Chinese Academy of Forestry, Guangzhou 510520, China;
qgm_092@163.com

* Correspondence: cyxu@bjfu.edu.cn; Tel.: +86-010-6233-7082

Received: 21 August 2018; Accepted: 3 October 2018; Published: 8 October 2018
����������
�������

Abstract: Leaf stomata are important structures used for exchanging matter between plants and
the environment, and they are very sensitive to environmental changes. The method of efficiently
extracting stomata, as well as measuring stomatal density and area, still lacks established techniques.
This study focused on the leaves of Fraxinus pennsylvanica Marshall, Ailanthus altissima (Mill.) Swingle,
and Sophora japonica (L.) Schott grown on different underlying surfaces and carried out an analysis
of stomatal information using multiscale segmentation and classification recognition as well as
microscopy images of leaf stomata via eCognition Developer 64 software (Munich, Germany).
Using this method, we further analyzed the ecological significance of stomata. The results were
as follows: (1) The best parameters of stomatal division and automatic extraction rules were scale
parameter 120–125 + shape parameter 0.7 + compactness parameter 0.9 + brightness value 160–220
+ red light band >95 + shape–density index 1.5–2.2; the accuracy of stomatal density and stomatal
area using this method were 98.2% and 95.4%, respectively. (2) There was a very significant
correlation among stomatal density, stomatal area, and stomatal shape index under different growing
environments. When the stomatal density increased, the stomatal area lowered remarkably and the
stomatal shape tended to be flat, suggesting that the plants had adopted some regulatory behavior at
the stomatal level that might be an ecological trade-off strategy for plants to adapt to a particular
growing environment. These findings provide a new approach and applicable parameters for stomata
extraction, which can further calculate the stomatal density and stomatal area and deepen our
understanding of the relationship between stomata and the environment. The study provides useful
information for urban planners on the breeding and introduction of high-temperature-resistant
urban plants.

Keywords: eCognition software; stomatal density; stomatal area; multiscale segmentation; trade-off
strategy

1. Introduction

Stomata are an important component of the plant epidermis, and they are the channels through
which leaves exchange water and gas with the outside world [1–4]. Stomata are a very important
structural parameter on the leaves of terrestrial plants, and their characteristics have attracted
wide attention from global ecologists [4,5]. In particular, there are many reports on the stomatal
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characteristics of important green plants and their influencing factors [6]. Stomatal morphological
characteristics are important factors affecting their function, and they are mainly affected by the
plant growth environment. Among them, stomatal density and stomata size can directly affect plant
photosynthesis and transpiration [7–9]. Many studies have investigated plant responses to global
climate warming at different scales, with most performed in a greenhouse test environment and
focusing on responses of sapling to their environmental change [8]. The morphology of stomata on the
blade determines whether plant moisture and gas exchange are normal. For example, the larger the
stomatal area, the larger is the channel for gas and moisture exchange [9]. Conversely, the smaller the
stomatal area, the more inhibited the gas and moisture exchange process may be. Similarly, it is more
likely that plants will lose moisture through the leaves with an increase in stomatal density [7–10].
Stomata can also affect plant water use, material metabolism, nutrient absorption, and the accumulation
of organic matter [8,10]. Studies have shown that the development of stomatal cells in different growth
environments responds differently to environmental changes, such as drought, light, CO2, and so
on [11]. For example, stomatal density increases with light intensity as well as rise in temperature.
It has also been pointed out that plants that are grown in higher humidity environments have larger
stomata and a smaller stomatal density. In addition, the morphology of the stomata varies with
changes in atmospheric humidity and CO2 concentration [12]. As plant stomata are the key organ
structures performing transpiration, its development—which varies with environmental factors—is an
important determinant of moisture and gas exchange. Moreover, leaf stomata can be indicators of plant
responses to environment, especially to temperature and moisture, because their responses are not only
the basis of changes at the leaves level, but they are also among those organs that show visible impacts
of their growing environments [11–13]. Furthermore, stomata traits can express phenotypically plastic
responses to growth environments. Because of the special morphological and structural characteristics
of plant stomata, their development and physiological functions are very sensitive to environmental
changes [13]. Thus, the stomata of plants are often used to reflect the response and adaptation of plants
to changes in the climate, which are of great significance for predicting the changing trends of the
urban climate environment in the context of the accelerating urbanization process [14]. Consequently,
experiments on the method of stomata extraction will provide a better understanding of the mechanism
of plant responses to urban environment at the leaf level.

Although plant stomata play an important role in indicating environmental changes, the current
research mainly focuses on crops such as Zea mays L., Tritium aestivum L., and Oryza sativa L. [15–17],
with urban greening trees, especially in terms of leaf stomatal function traits based on mature plant
grown in urban environments, seldom being studied. The extraction of stomata is a prerequisite
for, and very important in, the study of stomatal properties [18]. The traditional method of
measuring stomatal density and stomatal area mostly involves manual measurements using optical
microscopy [19,20]. There are many deficiencies in this approach, which not only reduces the efficiency
of the calculation but also easily leads to human error [20–22]. However, there are still large gaps in the
development of plant stomatal extraction methods. Therefore, ways to improve extraction efficiency
and extraction accuracy of stomatal information are very important in the study of stomatal properties.

The software used in this study—eCognition Developer 64—is the world’s first object-oriented
classification of remote sensing image processing [23,24]. It uses a multiresolution segmentation
approach, which is basically a region-merging technique starting with one-pixel objects. The software
can comprehensively analyze images by simulating human thinking, which has powerful functions for
logic classification, modeling, complex semantic analysis, and the integration of multisource data [24].
Object-oriented methods have incomparable advantages over traditional pixel-based analysis methods.
It can effectively solve the salt-and-pepper effect of high-resolution remote sensing images, and it
integrates noise into the object during segmentation [25]. Because the object-oriented method deals
with objects rather than individual pixels, it can take advantage of information such as the texture
features, topological features, and geometric features of the object, which improves the accuracy of the
extraction [23–25]. At present, object-oriented classification technology has a narrow application range,
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which mainly applies to urban building extraction, vegetation classification, and crop remote sensing
interpretation, but there are few studies on stomatal feature recognition.

Glass slides are made from the fresh leaves of plants, and high-definition images are taken of
the slide-mounted samples with an optical microscope, which not only clearly captures the shape
and texture of the stomata but also the special spectral and brightness characteristics of stomata [26].
If such microscopic images are regarded as remote sensing images, it is possible that the stomatal
features can be extracted using the object-oriented classification method in remote sensing to further
measure the stomatal density and stomatal area.

The stomatal characteristics are not only different among tree species due to their own growth
characteristics, but they also differ among environments because of their strong environmental
sensitivity. Based on these concepts, this paper studied the stomatal microscopy images of the
common greening species Fraxinus pennsylvanica Marshall, Ailanthus altissima (Mill.) Swingle,
and Sophora japonica (L.) Schott, which were grown on six typical urban underlying surfaces—asphalt,
bricks, marble, cement, grass-planting bricks, and grass surfaces—in Beijing, China. We hypothesized
that the stomata can be separated from the background in microscopic images using a special trait,
and they were multiscale-segmented using eCognition Developer 64 software to determine the best
scale parameter, shape parameter, and compactness parameter. After that, by observing the special
characteristics of plant stomata via a microscope, we selected spectral features, brightness features,
and geometric features for the classification and extraction of stomata. This method can not only break
through the limitations of traditional measurement methods—which can be inefficient, time consuming,
and laborious—but it can also achieve an efficient calculation of stomatal density and stomatal area.
The method will provide reference for future research on plant stomata. Based on the growth of
the sampled trees, the trade-off relationship between stomatal characteristics and the plant living
environment were further analyzed.

2. Materials and Methods

2.1. Study Area

Beijing, the capital of China, lies on the northern edge of the North China Plain, between
longitudes 115◦125 and 117◦130 E and between latitudes 39◦28 and 41◦05 N. Beijing is located on the
eastern rim of the Eurasian land mass and belongs to the West Wind Belt. It is characterized by a
warm temperate continental monsoon climate. The four seasons are quite distinct. The annual average
temperature is 11.5 ◦C, with an average precipitation of 630 mm, about 70% of which is concentrated
in July and August. On the lowlands, the frost-free period is 190–195 days [27].

The sampling locations were located in the Olympic Forest Park and the Haidian District streets.
The Olympic Forest Park covers an area of 680 hm2, with a green area of 478 hm2 and a green coverage
rate of 95.61%. The dominant species are Fraxinus pennsylvanica, Ailanthus altissima, Sophora japonica,
Pinus tabuliformis Carr., Populus tomentosa, and so on. The main street trees in Haidian District are
Fraxinus pennsylvanica, Ailanthus altissima, and Sophora japonica.

2.2. Plant Material

In order to eliminate the differences in leaf stomatal extraction in different habitats and find a set
of stomatal extraction methods suitable for different leaf morphology, as well as different stomatal
area, stomatal density, and stomatal morphology, this study selected common greening tree species
(Fraxinus pennsylvanica, Ailanthus altissima, and Sophora japonica) growing on six urban underlying
surfaces (asphalt, bricks, marble, cement, grass-planting bricks, and grass surfaces), which have
different leaf sizes, leaf textures, and leaf hairs (Table 1). In July 2017, leaf samples were collected
from the Olympic Forest Park in Beijing, China. Thirty trees were selected for each tree species in each
urban underlying surface. Sample collection was carried out on sunny days from 6:00 to 8:00 in the
morning, using high-pruning shears to extract 30 mature and healthy leaves per tree. These leaves



Forests 2018, 9, 616 4 of 18

were placed in an ice box at 5 ◦C for storage. The production of stomatal slides and the collection of
stomatal microscopic images were completed in one hour in order to ensure the open state of stomata.

Table 1. Leaf traits of three tree species.

Tree Species Tree Age/a Tree Height/m Diameter/cm Leaf Area/cm2 Texture Leaf Hair

Fraxinus pennsylvanica
Marshall 18 10.8 ± 2.6a 18.6 ± 3.5a 24.637 ± 1.432b Coriaceous Smooth

Ailanthus altissima
(Mill.) Swingle 18 10.5 ± 2.3a 17.0 ± 2.7a 45.017 ± 5.230a Thin

coriaceous Rough

Sophora japonica (L.)
Schott 18 11.4 ± 2.0a 17.5 ± 3.3a 11.134 ± 2.005c Papery Hair cover

Different lowercase letters mean extremely significant differences at p < 0.05 level, the same as below.

2.3. Stomatal Image Acquisition

In this test, we used a “nail polish blotting method” to make temporary stomatal slides [28]. First,
we cleaned the dust off the leaves with wet cotton wool. Then, we applied a layer of clear nail polish
evenly to the back of the blade. After the nail polish was completely dry, the blotting film was peeled
off to make a temporary slide. We used an optical microscope (Leica DM6000B, Monroe, LA, USA)
to observe the stomatal characteristics under 100 times magnification. In this experiment, a total of
600 stomatal images (881 µm × 661 µm) were collected for each tree species.

2.4. Stomatal Image Processing

2.4.1. Stomatal Image Pretreatment

In order to increase the contrast between the stomata and the background, the original microscopic
images were geometrically corrected and LUT stretched using the eCognition Developer 64 software
(Munich, Germany).

2.4.2. Extraction Process

The stomata images were processed using eCognition, which is a specialized software for
object-oriented classification. The process of the object-oriented classification method included image
segmentation, feature selection, rule creation, and classification extraction (Figure 1). The basic
processing units of object-oriented image analysis are segments and not single pixels. The purpose
of image segmentation is to subdivide an image into groups of pixels, corresponding to meaningful
objects in the field. These objects are then classified. The key to object-oriented classification is
multiscale segmentation, and the key to multiscale segmentation is the choice of parameters. If the
classification result is poor, the multiscale segmentation parameters must be redetermined [29,30].
Based on the characteristics of the stomata, a hierarchical structure was established to separate the
stomata from the nonstomata. Finally, the stomata were separated according to the characteristic values
of the pixels, and the classification accuracy was evaluated. In this process, the segmentation methods
mainly included chessboard segmentation, multiscale segmentation, and multithreshold segmentation,
which are very essential for stomatal extraction. By observing the stomatal characteristics of the three
tree species, this test used a multiscale segmentation method, which divides the entire image into
subregions that do not overlap each other based on homogeneity and heterogeneity [31].

After that, the typical features of the stomata were selected in accordance with the automatically
generated vector face file for extraction. A knowledge base of stomatal extraction was constructed
using brightness features, spectral features, and shape features, converting them into rules for further
classification and extraction.
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2.5. Calculation of Stomatal Density and Stomatal Area

The traditional measurement method of stomatal density and stomatal area involves manual
measurements using Photoshop software, which is very complicated to operate, is time-consuming and
laborious, and is also unable to process large quantities of blade samples. This study used eCognition
software to determine the optimal combination of stomatal extraction rules and then export files. It can
quickly calculate the number and area of the stomata in this process.

2.6. Accuracy Analysis

A total of 120 stomatal images were randomly selected for analysis for each tree species. Among
them, 60 images of stomata were calculated using object-oriented classification, and another 60 were
measured by traditional methods. The final measurement precision was calculated by calculating the
difference between the stomatal density and the stomatal area extraction value, and the measured
value. This study used a root mean square error test with the following formula [32]:

R =

√
1
n

Σn
i=1(P1 − P0) (1)

P(%) =
P1 − R

P1
× 100% (2)

where P1 refers to the number of stomata and the stomatal area, as measured by DP2-BSW
microscopy software (Beijing, China), and P0 is the stomatal density and the stomatal area extracted
by classification.

2.7. Surface Temperature and Gas Parameter Determination

Surface Temperature Measurement

The surface temperature of the sampling zone was monitored using a thermal imaging camera
(Fluke Corp., Everett, WA, USA) from 1 May 2017 to 1 October 2017. Its main parameters were as
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follows: detector size of 320 × 240 pixels—one pixel represented one temperature value, meaning
there was a total of 320 × 240 surface temperature values; thermal sensitivity of ≤0.05 ◦C; field of view
of 23◦ (horizontal) × 17◦ (longitudinal), with minimum focal length of 15 cm; calibration range of
−20–600 ◦C; error degree of 2%; observation band value range of 8–14 µm. The camera was installed
at the center of the research areas, and the six environmental surface temperatures were monitored
synchronously. The data was recorded every hour from 8:00 to 17:00, and three thermal infrared
images were collected for each record. The surface temperature value was extracted using a thermal
analysis camera (Munich, Germany) (Fluke Smart View) [33].

3. Results

3.1. Stomatal Characteristics under Different Environments

3.1.1. Surface Temperature Characteristics of Urban Underlying Surface Environments

According to the data from the Beijing Meteorological Bureau, high temperature days in Beijing
are mainly distributed in summer. It can be seen from Figure 2 and Table 2 that the impact of urban
underlays on urban thermal environmental effects was significant. The daily variation trends of the
surface temperatures of the six underlying surfaces were basically the same, where the overall trend
was an initial increase and then a decrease. As the solar radiation increased, the surface absorbed
heat and the surface temperature gradually increased. This led to the surface temperature gradually
increasing from 8:00 to around 15:00. A one-way analysis of variance showed that there was a
significant difference between the surface temperatures of different types of underlying surfaces
(p < 0.05). This reason may be related to the properties of the underlying surface.

Overall, among the six underlying surfaces, the highest surface temperature of the whole day
and the whole growing season was on the asphalt surface, which was significantly higher than other
underlying surface types (p < 0.05). This was expressed as asphalt surface > bricks surface > marble
surface > cement surface > grass-planting bricks surface > grass surface. The results showed that the
asphalt surface had the greatest impact on the urban thermal environment but that the grass-planting
brick surface and the grass surface had certain mitigation effects on the urban thermal environment.
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Table 2. Differences in the interpretation results of the stomatal images based on segmentation
parameters and extraction rules.

Source of Variation
Interparameters Interenvironment Interspecies

F p F p F p

Interpretation
accuracy

Split parameters 24.065 0.0001 15.224 0.6873 24.092 0.3150
Brightness characteristic 65.204 0.0015 27.921 0.8025 15.677 0.4437
Spectrum characteristic 35.471 0.0047 54.937 0.0772 33.321 0.3245

Shape characteristic 7.094 0.0001 2.003 0.0584 18.263 0.9220

Note: The interpretation accuracy is the d-value between the eCognition automatic interpretation value and the
microscopy examination.

3.1.2. Stomatal Characteristics under Six Urban Underlying Surface Environments

The epidermis of plant leaves is distributed with many stomata, and this is closely related to the
function of leaf resource allocation and utilization [34]. Stomata are an important channel through
which plants exchange gases with the outside world. They play an extremely important role in the
transpiration of plants [35]. Among them, stomatal density and stomatal area are closely related to
plant transpiration intensity [36,37]. Changes in the stomatal density and stomatal area of plant leaves
are often used to study the effects of drought stress and high temperature stress on plant growth [38].
Previous studies have shown that as the degree of drought stress increases, the stomatal density
shows an upward trend [39]. The main reason for this is drought stress, which leads to a reduction in
leaf area [40–42]. The results of this study showed that there was a significant difference in surface
temperature under different underlying surface conditions (p < 0.05) (Figure 2). In such environments,
plants showed a certain trade-off strategy in terms of stomatal morphology in order to alleviate high
temperature stress. As the surface temperature increased, the stomatal density and stomatal shape
index generally increased (p < 0.05), while the stomatal area showed a decreasing trend (Figure 3).
Existing research shows that the larger the stomatal shape index, the flatter the stomatal shape tends to
be. Conversely, the smaller the stomatal shape index, the more circular the stomatal shape tends to
be. In this study, stomatal morphology was significantly affected by different growth environments,
and the shape of the stomata generally flattened with an increase in the ambient temperature. Thus,
there were some differences in the correlations between stomatal density, stomatal area, and stomatal
shape index under different underlying surface environments.
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3.2. Image Optimal Segmentation Parameter Determination

Image segmentation is the first and most critical step in the object-oriented approach. Its quality
directly affects the results of the postanalysis processing [32,36]. The most commonly used multiscale
segmentation method was used here, which uses the least heterogeneous region merging algorithm
to minimize the weight heterogeneity of the segmented image objects. When using this method,
it was crucial to select the parameters for the segmentation result of the image. The quality of the
segmentation mainly resulted in the degree of coincidence between the regional objects that were
obtained after segmentation and the target to be acquired [37].

As shown in Table 2, the results of stomatal density and stomatal area interpretation between
different segmentation parameters were significantly different (p < 0.01), but the difference in stomatal
interpretation accuracy between the three tree species and the environment were not significant
(p > 0.01). When the scale parameter was set to be too small, the stomata were divided and very
fragmented. This made it difficult to distinguish between a stomatal structure and a nonstomatal
structure. However, when the scale parameter was set to be too large, the stomata were divided very
roughly. This also caused the stomata to not be completely separated. The results of microscopy
examination showed that the automatic interpretation accuracy of the stomatal image did not show
a linear relationship with the segmentation scale, but it showed that the error was the lowest on the
same scale. According to the purpose of classification, this study repeatedly changed the parameters
and found that when the segmentation scale was set to 120, the segmentation accuracy was the highest
(Figures 4 and 5).

In addition to the settings of scale parameter, the settings of the shape and compactness parameters
are also important in image segmentation as they determine the accuracy of the image segmentation
interface and the fit of the geometric segmentation [36,38]. The above segmentation parameter was
chosen based on stomata and background outline in the image. Similarly, a ratio of smoothness to
compactness weight is defined by emphasizing the discrete and compact nature of stomata. Usually,
within a certain range, the coincidence degree of the stomatal boundary generally decreased first and
then increased with an increase in the shape and the compactness parameters (Figures 4 and 5). In the
case where the scale parameters were consistent, if the compactness parameter was set to be too large
or the shape parameter was set to be too small, this resulted in a very dense image segmentation
interface. On the contrary, this strengthened the contribution of the object boundary to the image,
resulting in a sparse interface.
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By continuously adjusting the segmentation parameters, we found that the stomatal segmentation
of the three tree species achieved the most ideal effect with the following conditions: scale parameter
120, shape parameter 0.7, and compactness parameter 0.9 (Figures 4 and 5).
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3.3. Stomatal Classification and Automatic Extraction of Image Interpretation Conditions

The stomatal micrograph contains a variety of features that can be used for classification.
These features needed to be converted according to classification rules when extracting the stomata
using eCognition software [39,40]. The splitting and merging process is controlled by similarity or
dissimilarity measures, relying on a series of image feature combinations, e.g., brightness, texture,
color, shape, or size. After the initial segmentation was completed, the typical features of the stomata
were selected for extraction. The selection of features was based on the following considerations:

• The stomata have special spectral characteristics, which can be clearly distinguished from the
background structure.

• The stomata have very regular traits and are generally elliptical in shape.
• Due to their unique structure, the stomata are clearly different in brightness from the background

in the image.

Based on the above characteristics, we used the above characteristic parameters of the stomata
for classification. Here, we selected the brightness feature, spectral features, and shape features to
construct a stomatal extraction knowledge base and converted these three features into the following
three rules.

3.3.1. Brightness Rules

There was a significant difference in the brightness value of the stomatal extraction accuracy
(p < 0.01) (Table 2). By comparing the multiband image with the selected area and adjusting this
range until the coincidence accuracy was maximized, this range of threshold was then confirmed to
be the stomatal identification rule. The objects classified within this threshold range were identified
as stomata.

After many experiments, it was concluded that when the value of the stomatal brightness was
set to 150–250, the stomata could be distinguished from the epidermal cells. However, there was still
a phenomenon in which some of the stomatal boundaries did not coincide in this range (Table 3).
Therefore, under this rule, the classification results still had some defects. In order to improve the
accuracy, additional features needed to be added for further extraction.
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Table 3. Classification object feature threshold range.

Object Brightness
Spectral

Shape
Layer 1 Layer 2 Layer 3

Stomatal 150–250 >170 160–250 >95 1.5–2.2
Nonstomatal >200 <185 <185 <95 <1.5

3.3.2. Spectral Rules

Spectral characteristics have extremely significant differences in stomatal extraction accuracy
(p < 0.01) (Table 2). By analyzing the segmentation properties of the stomatal image, most of the
nonstomatal portions had a blue band (mean layer 1) value below 185, but some of the stomata were
also within the range of the blue band mean, meaning the classification results of the blue band were
not ideal. Similarly, the nonstomatal portion of the green band (mean layer 2) was below 185, but the
stomatal green band value was between 160 and 250. Therefore, there was more overlap in this band,
resulting in a larger classification error. The mean red band of the stomata (mean layer 3) was basically
greater than 95, while the nonstomatal portion of the red band average was mostly below 95. Therefore,
by setting the red band threshold to more than 95, the nonstomatal portion and stomatal portion could
be separated (Table 3).

3.3.3. Shape Rules

The shape characteristics showed significant differences in the accuracy of stomatal extraction
(p < 0.05) (Table 2). As the contrast between the brightness and the band of the image could not
completely separate the stomata from the background, this led to the phenomenon of leakage and
misclassification. In order to remove nonstomatal parts, all of the objects were combined in the
stomatal category to make the characteristics of the stomatal objects more visible. The shape of
stomata is elliptical, and the image was further extracted in accordance with the density characteristics
(shape–density) in the shape rule. After extensive trials, nonstomata could be largely removed under
the density range of 1.5–2.2, and most of the combined stomata remained intact (Table 3).

Through the reasonable combination of the brightness, spectral, and shape rules, the accuracy of
the extraction was gradually improved (Figures 6 and 7). After continuously adjusting the parameters
of these three rules, the best rule combination of the stomatal classification extraction was as follows:
brightness value 160–220, red light band >95, and shape–density index of 1.5–2.2.
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Figure 6. Scatter plot of stomatal division accuracy. B: brightness, L1: layer 1, L2: layer 2, L3: layer
3, S: shape. (a) Accuracy of stomatal area extraction under different rules, (b) Accuracy of stomatal
density extraction under different rules.
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Figure 7. Segmented and extracted process of a stomatal image. (a–c) Partitioning scales of 30,
180, and 120; (d) shape parameter 0.1 and compactness parameter 0.9; (e) shape parameter 0.9 and
compactness parameter 0.1; (f) shape parameter 0.7 and compactness parameter 0.9. (g–l) Brightness
characteristics: blue band, green band, red band, brightness value + red band, brightness value + red
band + shape feature (Ailanthus altissima used as an example).

3.4. Interpretation of Stomatal Density and Stomatal Area and an Estimation of Its Accuracy

In accordance with the obtained optimal parameters and the classification rule thresholds,
60 images were selected for each tree species for inspection. Although the stomatal densities and the
stomatal areas of the three tree species varied greatly over different growth environments, the stomatal
density and stomatal area accuracies calculated by this method were 99.2% and 94.5%, respectively
(Table 4). At the same time, the interpretation accuracy was not different between the tree species
and the environment (Table 5). This shows that it is ideal to obtain the stomatal information of the
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blade using the object-oriented classification method by reasonably setting the interpretation condition
parameters. This method could be applied for quick calculation of the stomatal density and the
stomatal area.

Table 4. Accuracy of stomatal extraction.

Trees Species

Stomatal Density/(number·mm−2) Stomatal Area/µm2

Extraction
Value

Measured
Value Difference Accuracy Extraction

Value
Measured

Value Difference Accuracy

Ailanthus altissima 179 ± 9 179 ± 7 0 ± 2 100.0 341 ± 15.7 331 ± 22.4 10.5 ±
1.3 97.1

Fraxinus pennsylvanica 284 ± 6 285 ± 7 1 ± 1 99.5 185 ± 16.4 196 ± 19.6 11.1 ±
2.6 94.5

Sophora japonica 247 ± 10 249 ± 9 2 ± 1 99.2 310 ± 21.5 318 ± 21.2 8.4 ± 3.2 97.5

Table 5. Variance analysis of extraction and measured value deduction.

Stomatal Density Stomatal Area

Squares df M.s. F Sig. Squares df M.s. F Sig.

Inter-environment 0.003 1 0.003 0.005 0.928 0.316 1 0.255 1.609 0.211
Inter-species 2.727 2 1.433 2.195 0.118 0.436 2 0.257 1.844 0.193

Error 242.126 357 0.653 45.627 357 0.156
Total 244.856 360 46.379 360

4. Discussion

4.1. Stomatal Extraction

With the increasing maturity of forestry remote sensing technology and the diversification of
information detection and estimation methods, it is necessary to apply this technology to forestry
scientific research and production [43,44]. eCognition is an important software in remote sensing
classification technology, which is generally applied to large-scale remote sensing image analysis [45].
However, this method is rarely used in small-scale research, especially in the extraction of stomatal,
which has not been reported. Therefore, in this study, we assumed that the microscopic image of the
stomata could utilize its unique features to achieve classification and extraction of objects using remote
sensing techniques. Based on the sensitive behavior of the leaf stomata to the external environment,
we selected three common green trees with different leaf textures and leaf size growing in six typical
urban environments for sampling to verify whether the method was applicable to different tree species
and different stomata conditions. In this research, it was applied to the stomatal extraction of plant
leaves, and the extraction results were very satisfactory, although there were large differences in
developmental characteristics such as stomatal density, stomatal area, and stomatal shape under
different growth environments. The optimal parameters of the stomatal segmentation that were
obtained by this method and the automatic extraction rule combinations were: scale parameter
120–125, shape parameter 0.7, compactness parameter 0.9, brightness value 160–220, red light band
>95, and shape–density index 1.5–2.2. The results showed that the estimation results of leaf stomatal
density and stomatal area were very satisfactory, with overall extraction accuracy of 99.2% and
94.5%, respectively. This method can be used to obtain stomatal characterization information in large
quantities, which lays a foundation for further research on stomatal characteristics in the future.

The key to the object-oriented classification methods based on eCognition is the determination of
segmentation parameters and the establishment of extraction rules so as to improve the accuracy and
the consistency of segmentation [45,46]. When applying this method to extract stomata, there are some
problems that may affect the accuracy of the extraction. Differences in leaf characteristics of different
tree species, such as leaf fluff being produced by some plants, may cause problems with stomata being
masked. This may reduce the accuracy of the automatic extraction of stomatal features. Therefore,
in order to improve the accuracy of the automatic interpretation results, we should pay attention to
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the following issues. First, the blade should be fastened during the process of making the color slide
so that the stomatal shape can be maintained in the test state. Second, the fluff and impurities on the
leaf surface must be removed as much as possible. The most important thing is to ensure that the
imprinting solution is evenly applied during the imprinting process so as to avoid uneven brightness
that will affect the extraction precision.

It has been verified that the object-oriented classification method has no significant differences in
the leaf stomatal extraction results for different habitats and different tree species. The interpretation
threshold derived from this method is applicable to most woody plants. Compared to the traditional
method, it greatly improves the efficiency of the classification and extraction of stomatal features,
which is of great significance for the extraction of stomatal classification. However, due to the limited
scope of research and the limited samples, the application of stomatal characteristics in herbaceous
plants needs further study. A larger and more comprehensive sample library should be established in
future research work, making this method a better training sample in the field of herbs.

4.2. The Trade-Off Strategy of Stomatal Morphology under Urban Environment

With urbanization comes prosperity and progress, but it also brings many environmental,
economic, and social problems [47,48]. In particular, urbanization has changed the surface cover,
and natural vegetation has been replaced by large-scale artificial impervious surfaces [49–51].
Increased impervious surfaces and reduced vegetation have profound effects on biogeochemical
cycles, hydrological processes, climate change, and biodiversity at regional and global scales. As the
basic physical quantity of the energy balance of the geogas system, surface temperature has become
a common indicator for urban thermal environment research [50,52]. Compared to the atmospheric
temperature, the surface temperature has higher spatial and temporal differentiation on the urban
scale, and it is more strongly affected by the underlying surface coverage and by human activities [52].
In the context of global warming and high-temperature heat waves, this means that the environmental
characteristics of the urban underlying surfaces and their relationship with urban thermal environment
need to be understood. This is of great significance for the scientific planning of cities, the restoration
of eco-city systems, and improvement in the livability of cities. As one of the stomatal parameters,
stomatal density is very sensitive to changes in environmental factors such as CO2 concentration,
temperature, precipitation, and illumination [53–55]. In this study, the results showed that stomatal
density was lower in the high temperature environments than in the low temperature environments,
a result that is basically consistent with many studies [56,57]. Under such circumstances, the water
dispersion of plants is significantly enhanced. Plants have certain responsiveness and adaptation
strategies to climate change, and they have formed a self-regulating mechanism in the long evolutionary
process, which can adapt to the changing environment through their own morphological changes and
physiological reactions. Several findings are worth noting. Firstly, plants prevent high temperatures
from damaging their photosynthetic reaction sites by reducing the stomatal area as part of a protective
strategy to control the entrance or exit of gases through the blade [58]. Secondly, we found that the
stomatal shape index increased significantly in the high temperature environment, which indicated that
the stomatal shape tended to flatten. Relative to the circular stomata, the flat shape of the stomata are
more conducive to the adjustment of the stomata opening degree, which may be one of the ecological
strategies for plants to reduce water dispersion within the plant. Similar findings have been reported
showing stomatal density to be significantly different in the hardened surface environment, which may
be related to the difference in the thermal environment effect caused by the hardened surface [59,60].
In this study, the specific performance of the plant adjusted to the stomatal density, stomatal area,
and stomatal shape index in order to adapt to changes in the environment. However, the cause of the
change in stomatal characteristics may be the result of the interaction of complex urban environments,
and the factors that specifically affect their changes need further study.
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5. Conclusions

In this study, the object-oriented method of eCognition software was used to extract the stomata
of plant leaves, and the effects of high temperature environment on stomatal characteristics were
studied for different underlying surface environments. The following conclusions were obtained:

• When eCognition object-oriented classification techniques were applied to the stomatal extraction
of plant leaves, the estimation accuracy of the stomatal density and the stomatal area of the
blade reached 99.2% and 94.5%, respectively. This method can be used to obtain stomatal
characterization information in large quantities, which lays the foundation for further research on
stomatal characteristics in the future. The optimal parameters and extraction rules obtained for
stomatal splitting were as follows: scale parameter 120–125, shape parameter 0.7, compactness
parameter 0.9, brightness value 160–220, red band >95, and shape–density index 1.5–2.2. These are
generally applicable to the extraction of most plant stomata.

• In the high temperature environment of the city, as the temperature increased, the plant stomatal
density and its shape index increased, but the stomatal area decreased significantly. There was a
regulating behavior between stomatal area, stomatal density, and stomatal shape index under
different environments, which might be an ecological trade-off strategy for plants to adapt to a
particular growing environment.
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