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Abstract: Haze is mainly caused by the suspended particulate matters in the air, of which the particulate matters pollution harms leaf vegetables. In this paper, oilseed rapes at four different growing periods were investigated in a simulated particulate pollution environment. In combination of hyper-spectral technology and micro examination, the response of hyper-spectral characteristics of the leaf to particulate matters was investigated in-depth. The hyper-spectral, chlorophyll content, net photosynthetic rate and stomatal conductance of leaf were obtained. The deposition and adsorption of particulate matters on the leaf were observed by Environmental Scanning Electron Microscope (ESEM). Normalized difference vegetation index (NDVI), modified red edge normalized (mNDVI705) and modified red edge simple ratio index (mSR705) were selected as characteristic parameters and the range of 510 nm~620 nm as the sensitive band. 16 methods were used to establish the physiological information inversion model. The main results were as follows: Under the influence of particulate matters, the spectral reflectance decreased as a whole. With the increase of leaf age, the phenomenon of blue shift aggravated. The amplitude of yellow and blue edge decreased with overall decreasing vegetation indices. The furrows and irregular band protrusions in leaves were favorable for keeping particulate matters. With longer affecting time and more deposition of particle matters on the leaf, the stomatal opening became smaller. After comparing, principal component regression (PCR) + multiple scatter correction (MSC) + second derivative (SD) + Savitzky-Golay smooth (SG), and partial least square (PLS) + multiple scatter correction (MSC) + first derivative (FD) + Savitzky-Golay smooth (SG) were determined the best method to establish the inversion model of chlorophyll content and net photosynthetic rate respectively. This study may bring novel ideas for the diagnosis and analysis of the physiological response of leaf vegetables under particulate matters pollution using hyper-spectral technology.
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1  Introduction

Haze has always been one of the most intractable air pollution issues, which is primarily caused by suspended particulate matters in the air. Particulate matter (PM) pollution not only affects human life, but also influences the growth of plants. Particulate matter inhibits the photosynthesis of vegetables, resulting in a decrease of vegetable quality and yield [1]. Moreover, carrying poisonous and harmful substances such as heavy metals and organic pollutants, particulate matters enter into the soil through atmospheric deposition or accompanied with rain and snow. After being absorbed in the circulation of vegetables, particulate matters cause great danger to the human when vegetables are consumed, which destroys the ecosystem of soil-crop-consumers. Studies have shown that urban vegetation can absorb particulate matters, which is beneficial to reducing harmful substances in the air, such as particulate matters. Plant species that are more beneficial to air purification can be screened out through their different responses to particulate matters. Most studies focus on the effect of particulate matters on trees, shrubs, and green vegetation under the condition of natural haze [2–4]. Few studies have investigated the pollution effect of haze on vegetables. Meanwhile, most of them were qualitative without advanced techniques for detection and analysis of the pollution mechanism. Moreover, natural haze occurs randomly with the difficulty of controlling test variables, long and unstable test cycles, and low repeatability. The concentration and composition of haze differ with geography, season, and weather conditions, which limits the possibility of using natural haze as experiment conditions [5]. Some researchers have simulated the occurrence of particulate matters by fuel combustion [6] and emission of collected particulate matters from wind tunnel [7]. It helps the study of the effect of particulate matters on plant appearance information, leaf physiology and ecology, and spectral characteristics by solving the problem of artificial simulation of haze environment in the lab. The occurrence of particulate matters was simulated. The effect of particulate matters on oilseed rapes during four different growing periods was investigated under the simulated particulate matter in this paper.

The change of vegetables after being subjected to particulate matters pollution cannot be observed by naked eye obviously. Although the mass of retained particulate matters on leaf surface can be measured through washing with water and weighing, the method is tedious, and the results of membrane filtration have significant errors. Moreover, some particulate matters enter the epicuticular wax, of which the amount cannot be measured by washing and weighing [8,9]. Therefore, these approaches involve destructive methods, entail time- and labour-consuming processes and require specialized skills. It is not easy or accurate to compare the influence of particulate matters pollution.

Advancements in agricultural technology have provided a reliable method for the non-destructive of plant through spectroscopy. With the fast, non-destructive and accurate characteristics, spectral technology has been widely applied in the field of plant physiological detection, environmental stress and precision agriculture, which provides a novel technology for the monitoring the difference of spectral information affected by particulate matters pollution [10,11]. The hyper-spectral characteristics of vegetation leaves are related to the vegetation and its surrounding environment. When plants are polluted under particulate matter environment, the photosynthetic characteristics and physiological information inside the plants change and the spectral characteristics also change accordingly. The spectral characteristics changes because of the changed physiological information under particulate matters. It is of great significance to analyze such changes by using hyper-spectral technology. By comparing the spectral information of healthy leaves and leaves affected by particulate matters, then analyzing the spectrum changes after particulate matters, the damage of vegetables can be identified. It provides a new method for the identification and early warning of disease of vegetables in the agricultural facility [12].

The aims of this study were as follows: Establish the physiological information inversion model considering the environment with particulate matters pollution; obtain the inversion model of leaves using a simpler and more accurate method; and meanwhile obtain the hyper-spectral response rule of leaves; and analyze the physiological changes of leaves, especially the stomata in the case of particulate matters. In the paper, based on hyper-spectral technology, hyper-spectral, first derivative spectral and physiological information such as chlorophyll content, net photosynthetic rate and stomatal conductance of the healthy leaf and the leaf affected by particulate matters during four different growing periods were compared. The aim of the study was to obtain the spectrum response mechanism and law of oilseed rape to particulate matters during four growing periods. Micro-structural characteristics of the leaf surface, such as grooves, folds, stomata, flocculent protuberance, micro-roughness, fuzz, wax and secretory products, are essential factors affecting the retention and adsorption of particulate matters [13]. Studies have shown that, generally, with the rougher surface of plant leaves, denser grooves, and more waxy and mucus, the retention and adsorption of particulate matters will be better. On the other hand, the smooth surface of leaves with no obvious fluctuation, wide gullies, shallow and sparse grooves, and well-arranged stomata has the relatively weak ability of retention and absorption of particle matters [14–16]. The mechanism of the effect of particulate matters on leaf was analyzed in combination with the microstructural observation of ESEM. The inversion model of chlorophyll content and net photosynthetic rate in oilseed rape during the collecting period was also established respectively within the range of sensitive spectral and the modeling was optimized. The optimized inversion model could be used to predict the physiological information of oilseed rape under particulate matters pollution. In brief, the topic of this article mainly includes three parts. Firstly, get the spectral response characteristics of oilseed rape under the simulated particulate matters. Secondly, analyze the mechanism of oilseed rape leaf under particulate matters pollution based on ESEM. Thirdly, get the optimal method of inversion model of physiological information for oilseed rape. The amount of work we did is enormous, and the results show that this work is feasible and meaningful. The results could provide theoretical basis for the application of hyper-spectral technology in the response analysis of leafy vegetables under haze environment or particulate matters environment. The research could also provide reference for the management and physiological information monitoring of facility agricultural vegetables.

2  Materials and Methods

2.1 Objects and Methods

Oilseed rape, also known as Brassica campestris L., is a Brassica of the cruciferous family. Oilseed rapes during four growing periods were selected as the object in this paper. Since spectral and physiological information measurement need to be carried out in clear and cloudless weather, the growth period of oilseed rape was postponed in abnormal weather such as cloudy and rainy days. And the final growing period was recorded as 16d, 25d, 32d and 48d respectively, which was expressed as “4-leaf age”, “4.5-leaf age”, “5-leaf age” and “5.5-leaf age” respectively in terms of leaf age. The seeds were purchased from Jilin Kefeng seed industry Co., Ltd., and then cultivated in the solar greenhouse of College of Biological and Agricultural Engineering, Jilin University, China. When three or four expanded leaves were on each oilseed rape plant, they were transplanted into plastic flowerpots with a diameter of 10 cm. Each flowerpot transplanted one oilseed rape to ensure enough growth space. In the soil for oilseed rape growth, the content of organic matter was 12.59 g/kg, total nitrogen of 0.727 g/kg, available phosphorus of 0.007 g/kg and available potassium of 0.15 g/kg.

As shown in Fig. 1, a particulate matters simulation transparent tent (90 × 40 × 60, cm) was customized using stainless steel pipe and PVC transparent film. Oilseed Rape grew in the experimental tent. A fan at the bottom was added to disperse the particulate matters more evenly. The grid shelf was added to make it easier for the flowerpots to move. The experimental tent was connected with the homemade PMMA particulate matters occurrence chamber (45 × 35 × 30, cm) through the control valve. The combustion materials in the chamber are composed of potassium nitrate, lactose, glue, ammonium chloride, crude anthracene and resin in a proportion of 6:4:1:3:2:1. The combustion products contain carbon oxides, nitrogen oxides, ammonium salts, nitrate, sulfate, metal ions, and smoke dust, etc. The recycling chamber was connected with the experimental tent. The combustion products were collected by the recycling chamber in order to protect our environment. Real-time aerosol monitors (Dust Trak DRX 8533, TSI, USA) was used to monitor particulate matters concentrations.
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Figure 1: Testing apparatus components

Each test was divided into a control group (cg) and an experimental group (eg). The control group was healthy oilseed rape placed in the control tent (i.e., empty tent), and the experimental group was oilseed rape placed in the experimental tent under continuous influence of particulate matters. The air quality in the experimental tent was a serious pollution level. In Changchun, Jilin, the usual severe PM2.5 concentration was about 250 μg/m3. It often happened during heating time. 500 μg/m3, which was two times 250 μg/m3 of Changchun was selected as the concentration of PM2.5. Considering the labor and time cost, the concentration of PM2.5 in the experimental group was maintained at 500 μg/m3. The purpose was also to get the obvious results [17]. The preliminary test showed that the spectrum in the experimental group would change significantly after 1 h. Combined with labor cost and the use time of instrument, the particulate matters exposure time was chosen for 1 h at last. But a 3 h particulate matters exposure experiment was also added to understand the mechanism better when we do microanalysis tests. In the experimental group, the soil was covered with plastic film in advance to eliminate the adsorption of soil and roots on particulate matters while the adsorption of plant stems was neglected [18]. In the study, ninety-six oilseed rapes during four different growing periods were investigated. Twenty-four oilseed rapes were tested in each growing period. On average, twenty-four oilseed rapes were put into six tents, of which three were the control tent, and the remaining three were the experimental tent. Each tent contained four oilseed rapes. Before the test, the concentrations of PM2.5 and PM10 in the control tent were both 2 μg/m3, and the concentration of PM1.0 was 1 μg/m3. The air quality index was excellent. Therefore, the particulate matter in the control tent was neglected. During the growth period, all oilseed rape had the same management conditions such as water, fertilizer and illumination, that is, the role of particulate matters was the only difference between the control and the experimental group.

To better reflect the physiological state of vegetation under special or stress environment, field surface reflectance in the range of two or more wavelengths was often combined for calculation, which is, using vegetation index (VI) to process spectral data for enhancing certain characteristics of vegetation and reflecting relevant indicators [19]. Studies showed that the NDVI index played an important role in the estimation of chlorophyll in plant leaves and had a good correlation with chlorophyll content and net photosynthetic rate [20]. NDVI, mNDVI705 and mSR705 were selected as sensitive spectral vegetation indices to analyze the effect of particulate matters on oilseed rape leaf in four growing periods. The vegetation indices were defined, as shown in Tab. 1.

Table 1: Formulas of spectral vegetation indices
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2.2 Data Collection and Processing

The experiment was conducted at 9:00–15:00 on sunny days from June to July, 2019, Beijing time (The experiment skipped rainy days and continued afterwards). And three functional leaves were taken to test for each of oilseed rape with the total amount of 288 leaves. All the data were repeated for three times and averaged as the data used in this study. Before the experiment, the functional leaves and oilseed rapes were marked. Hyper-spectral was measured by using Field Spec HandHeld 2 feature spectrometer (ASD company, U.S.) combined with probe equipped with a light source in the range of 325 nm~1075 nm. Sampling interval was 1.4 nm with a resolution of 3 nm @ 700 nm. Chlorophyll content was determined by SPAD-502 (Japan). Since the reading of SPAD-502 is closely related to chlorophyll content, its value is used to represent chlorophyll content in this paper [21]. Stomatal conductance was measured by a LI-6400 XT photosynthesizer (U.S.). ViewSpec Pro, SPSS 24.0 and Origin 19.0 were used for data processing and analysis. The principal component regression (PCR) is a dimension reduction modeling method which is commonly utilized in hyper-spectral image analysis. PCR uses a mathematical scheme to transform a set of highly correlated variables into a new set of uncorrelated principal components variables. This conversion reduces data redundancy [22]. The partial least square (PLS) can quickly treat huge data matrices of each object to extract the relevant part of the information and produce dependable models [23]. The chlorophyll content and net photosynthetic rate of oilseed rape leaf were the inversion variables in this study. The oilseed rape leaves in the collecting period were quickly cut with the area of 3 mm × 3 mm and flatly pasted on the metal sheet with conductive adhesive for microscopic observation. After gold spraying, using Environmental Scanning Electron Microscope (ESEM) (JEOL jsm-6700f, FEI company, USA) to observe the leaves and the microscopic images were analyzed.

3  Results and Discussion

3.1 Analysis of Spectral Characteristic Differences under the Effect of Particulate Matters

3.1.1 Effects of Particulate Matters on the Hyper-Spectral Characteristic

After obtaining the hyper-spectral data of healthy and particulate matters affected oilseed rape leaves in the four growing periods, Savitzky-Golay smoothing pretreatment with a window size of 10 was conducted on the original spectra to reduce the influence of background noise, obtaining the hyper-spectral curve as shown in Fig. 2. The most crucial waveband for monitoring plant growth and health was visible and near-infrared regions (400 nm~1075 nm). Within the range, the spectral curve trend of the control group and experimental group in Fig. 2 was almost the same. In the range of green light (490 nm~580 nm), the reflectance of oilseed rape was relatively high, showing “green mountain” peaks (reflection mountain at 550 nm), which was due to lowest utilization efficiency of green light of oilseed rape, causing the strongest reflection of green light. In the region of visible red light (620 nm~770 nm), the reflectivity value decreased first, and then it increased. Since the vegetation had the highest photosynthetic activity and absorbed most light in this region, it appeared “red valley” (reflection valley at 680 nm). In the short-wave near-infrared region (780 nm~1075 nm), the reflectance reached a stationary peak (a flattened slope from 780 nm) resulting from the reflection effect of mesophyll cells [24].
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Figure 2: Hyper-spectral reflectance of oilseed rape in four growing periods under PM (eg) and non-PM (cg): (a) The experimental group (eg); (b) The control group (cg). Note: 16 d, 25 d, 32 d and 48 d: Four growing periods of oilseed rape; d: Growing days after transplant; eg: Experimental group; cg: Control group. The same below

Although the trend of the spectral curve was approximately the same, there are still differences between Figs. 2a and 2b. As shown in Fig. 2a, under the influence of particulate matters, the wave characteristics of hyper-spectral in the experimental group of various growing periods showed non-obvious change with slow changes of reflectivity in 500 nm~700 nm range. For oilseed rape in different growing periods, the “red valley” lowered and the reflection platform after 760 nm exhibited different heights [13]. For oilseed rape in the same period, the overall reflectance peak of the experimental group was lower than that of the control group except for the 48 d (collecting period) oilseed rape. The oilseed rape in collecting period showed higher reflectance value within the visible light region. The spectral reflectance value of leaf vegetables in the visible light range was mainly influenced by chlorophyll content. The oilseed rape leaf during the collecting period has the greenest color, and the chlorophyll content is the highest. The chlorophyll decomposed induced by particulate matters, so the content decreased the most, which reduced the light absorption of leaf most and increased the spectral reflectance. This is consistent with the results of previous studies: The reflectance of the diseased leaves in the area of loss of green becomes larger in the visible light range [25,26]. In the near infrared region of 760 nm~850 nm, the spectral reflectance of the experimental group and the control group in 16d and 25d growing periods were similar. On the other hand, oilseed rape in 32 d and 48 d growing periods exhibited stronger resistance to the effect of particulate matters than those in younger leaf age. The damage degree of internal structure was lower, resulting in more light absorption and lower reflectivity of the experimental group than that of the control group.

3.1.2 Effects of Particulate Matters on First Derivative Spectral Characteristics

The characteristics of first derivative spectra of plants are closely related to physiological and ecological information, which can be used to describe the pigment state, health status and growing vitality of plants. The spectral “red edge” refers to the point where the slope of the reflection spectrum of the leaf is the largest in the range of red light (680 nm~760 nm) [27,28]. The spectral “red edge” is the most apparent spectral feature of green leaves and obtained by the maximum first-order derivative method in our research [29]. As shown in Fig. 3, the characteristics of the first derivative spectra of oilseed rape in different growing periods were different. The first derivative spectra of oilseed rape in different growing periods were compared respectively. Compared with the control group, the red edge of oilseed rape blue-shifted with various extents under the influence of particulate matters (except 16d), that is the position of red edge shifted to the direction of short wavelength. Moreover, with the increase of leaf age, the phenomenon of “blue shift” aggravated.
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Figure 3: First derivative hyper-spectral characteristics of oilseed rape in four growing periods--(a)~(d) is 16d, 25d, 32d and 48d, respectively

From the observation of the naked eye, the oilseed rape leaf was smooth with relatively small surface area (the average area measured by leaf area meter was about 2427.5 mm2). Since the ability to retain particulate matters of the leaf with small area was weak, the leaf of oilseed rape had no advantage of resisting particulate matters, resulting in the apparent blue shift of red edge phenomenon that was observed in almost all growing periods [13]. As shown in Tab. 2, the red edge of oilseed rape blue shifted 1 nm, 1 nm and 8 nm for growing periods of 25d, 32d and 48d, respectively. The blue-shift of oilseed rape in the growing period of 48d was the most obvious. However, the red edge of oilseed rape in 16d red-shifted (3 nm), i.e., the position of red edge moved towards the direction of long wavelength. The position of the red edge could be used as an early warning indicator of the influence of particulate matters on leafy vegetables in the greenhouse, which could be used to diagnose the oilseed rape in combination with first derivative spectral characteristics.

Table 2: The red edge positions of oilseed rape in four growing periods
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The “yellow edge” of the spectrum was the maximum of first derivative reflectivity of yellow light between 560 nm~640 nm. The “blue edge” was the maximum of first derivative reflectivity of blue light between 490 nm~530 nm. It could be seen from Fig. 4 that the effect of particulate matters on yellow edge position was trivial. The yellow edge located near 628 nm. The amplitude of yellow edge increased showed the tendency of first increase and then decrease with the leaf age of oilseed rape. Such a trend was more obviously observed in the healthy leaves without the influence of particulate matters. Overall, particulate matters reduced the peak value of the yellow edge of oilseed rape leaf. Particulate matters had a little effect on the blue edge position of oilseed rape, which was near 525 nm. However, the amplitude of the blue edge showed a different trend. For healthy oilseed rape, the amplitude reduced with the increase of leaf age. On the other hand, the amplitude of the blue edge first increased, then decreased, and increased at last for oilseed rape affected by particulate matters. Overall, the amplitude of the blue edge decreased when subjected to particulate matters.
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Figure 4: Zoomed first derivative spectral at 490 nm~640 nm

3.1.3 Effects of Particulate Matters on Sensitive Spectral Vegetation Index

With the growth of oilseed rape, the reflectance in 400 nm~700 nm of oilseed rape affected by particulate matters rose gradually, while the reduction of reflectance in 700 nm~900 nm aggravated gradually. The reflectance in the two regions were calculated by different methods, obtaining the vegetation index values for the experimental group and control group, as shown in Tab. 3. The variation trends of NDVI, mNDVI705 and mSR705 of oilseed rape of control group in four growing periods were consistent, all of which increased with the leaf age and reached the maximum in the 48d collecting period. The variation trends of the experimental group were different from that in the control group; however, the variation trends of the three vegetation indices were also consistent, all of which increased first and then decreased with the increase of leaf age. Meanwhile, the three vegetation indices achieved the lowest values in the 48d growing period. In general, the vegetation index values of the oilseed rape leaf in the experimental group were lower than that in the healthy control group due to the influence of particulate matters. The variations of the three edge positions and the vegetation index could be used as the identification features of the response of oilseed rape to particulate matter.

Table 3: Vegetation index values of oilseed rape in four growing periods
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3.2 Response Mechanism of the Leaf to Particulate Matters Action

The deposition and adsorption of particle matter on oilseed rape leaf of 48 d growing period (the harvest period) were observed by Environmental Scanning Electron Microscope (ESEM). Figs. 5 and 6 compared the microstructure of healthy oilseed rape leaves and leaves affected by particulate matters for 1 h and 3 h. Fig. 5 showed that the surface of oilseed rape leaf presented the latticework shape, which had a specific advantage of capturing particulate matters. The surface of the healthy leaf (Fig. 5a) had less particulate matters, showing clear texture and evenly distributed bulging strips with apparent fluctuation. After 1 h under particulate matters environment (Fig. 5b), there were many fine and coarse particles on the surface of the leaf with more coarse particles near ridge stripe. After 3 h (Fig. 5c), more particles were stranded on the leaf surface, and some particles had gathered into clusters. As shown in Fig. 6, the stomata of the healthy leaf of oilseed rape were in the shape of the convex lens, with clearly observed outline of the stomata, large stomatal opening, and clearly ordered texture, showing no particulate matters around. After 1 h under particulate matters environment, the stomatal opening became narrow, causing some particulate matters gathered into clusters around stomata. After 3 h, the deposited particulates around stomata increased. The texture distribution became disordered and stomata opening reduced more. The stomata were blocked by particulate matters, which crowded around the stomata in the shape of dentate or flake. It could be seen that the longer under the environment of particulate matters, the more particulates accumulated in the cells of oilseed rape leaf, which caused more significant damages to oilseed rape.

Compared with the control group, the leaf of oilseed rape in the experimental group accumulated more particulate matters after putting in the particulate matters’ environment. Meanwhile, the stomata changed significantly. With the prolonging of exposure to the particulate matters environment, the stomatal length-width ratio decreased, and the stomata appeared to shrink in different levels, showing microstructure differences that explained the differences of spectral characteristics mentioned above. Oilseed rape had its own protection mechanism, which would automatically narrow stomata slowly to reduce the harm of particulate matters after influenced by particulate matters. Nevertheless, invasive particulates still caused damages to the internal structure of the oilseed rape leaf. The degree of particulate matters damage to oilseed rape could be directly reflected through the change of stomatal length-width ratio. The length and width of stomata were measured using Digimizer v4.2.6. The mean value and the length-width ratio were calculated. The results showed that the stomatal length-width ratio of (a), (b) and (c) in Fig. 6 were 3.35, 2.83 and 2.13, respectively. It could be seen that the more serious the damage of particulate matter to rape leaves, the smaller the ratio of stomatal length to width.
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Figure 5: ESEM images of absorbed particulate matters on the surface of oilseed rape leaf-- (a)~(c) is Healthy, PM influence for 1 hr. and PM influence for 3 hrs., respectively
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Figure 6: ESEM images of stomata on the surface of oilseed rape leaf-- (a)~(c) is Healthy, PM influence for 1 hr. and PM influence for 3 hrs., respectively

The degree of the stomatal opening was usually expressed by stomatal conductance, which was the main factor influencing photosynthesis, respiration and transpiration of plants [13]. Many plants could reach the stomata opening of 4 μm~6 μm, most of which were between 2.8 μm~3.5 μm. Some plants had a larger opening of nearly nine μm, far larger than the diameter of fine particulate matters (2.5 μm). Therefore, fine particulate matters in the air could easily enter the leaf tissues of plants through stomata [30]. The subjects observed by ESEM above were oilseed rape leaves at 48 days during the harvest period. Similarly, the oilseed rape leaves during harvest period were selected to study stomatal conductance, as shown in Fig. 7. The average of stomatal conductance for the control group was about 0.182 mmol·m-2·s-1. However, the stomatal conductance of experimental group was generally higher than that of the control group, which was due to that particulate matters increased the stomatal conductance of oilseed rape in the collecting period.
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Figure 7: Comparison of stomatal conductance of oilseed rape under PM (eg) and non-PM (cg)

It would accelerate the senescence, damage and even necrosis of plants when plants were subjected to particulate matters pollution for a long time. Chlorophyll content and chlorophyll fluorescence parameters would decrease due to air pollution, while cell membrane permeability and non-photochemical quenching (qN) value would increase [31]. Fig. 6 showed that the stomatal opening of healthy oilseed rape could reach about seven μm, which allowed particulate matters to enter stomata, leading to the blockage of stomata of oilseed rape leaf. It was possible that particulate matters could destroy enzymes in the oilseed rape, which played an essential role in chlorophyll synthesis. Therefore, the chlorophyll content of oilseed rape leaf reduced, decreasing the photosynthetic ability of the photosynthetic system and affecting physiological processes such as photosynthesis and transpiration [32]. In this bad particulate matters environment, internal physiological processes of oilseed rape including stomatal closure happened, which reduced the involvement of particulate matters into the metabolism of plants through not entering mesophyll cells, lowering the damage [33,34]. However, the experimental results showed that the stomatal conductance of oilseed rape leaf in the collecting period increased not decreased. In the future, more experiments are needed to analyze how stomata in leaf adjusted the opening size according to the change of environment to reach the balance of physiological activities of plants [35].

3.3 Establishment of Inversion Model of Chlorophyll Content and Net Photosynthetic Rate

The change of the red edge of leaf spectrum was related to the variation of chlorophyll in leaves, and the red edge was positively correlated with chlorophyll content [36]. Besides, the photosynthetic carbon assimilation of the plant was carried out in chloroplast [37]. Meanwhile, some studies showed that the hyper-spectral characteristics of oilseed rape leaf were highly correlated with chlorophyll content and net photosynthetic rate [38–42]. With the aggravation of particulate matters pollution, the content of chlorophyll, and the chlorophyll fluorescence parameters (Fv/Fm, Fv/Fo, TPS II, qP) in leaves decreased [43]. The chlorophyll content and net photosynthetic rate of oilseed rape leaf changed because of particulate matters [5,34,44]. So, it was of great significance to investigate the inversion model of chlorophyll content and net photosynthetic rate for obtaining and analyzing the photosynthetic physiological information and spectral characteristics of oilseed rape under the influence of particulate matters.

Fig. 2 exhibited the reflectance peak of spectral in 510 nm~620 nm. With a clear curve and no overlapping, this range could better reflect the relation between chlorophyll content of oilseed rape and spectral characteristics. Therefore, the range of 510 nm~620 nm was selected as the sensitive wavebands of the spectrum to establish the inversion model of chlorophyll content (SPAD value) and net photosynthetic rate of oilseed rape leaf.

Three quarters of sensitive hyper-spectral data in 510 nm~620 nm range of oilseed rape leaf during the collecting period were randomly selected as the correction set and the remaining as the prediction set. The inversion model of chlorophyll content and net photosynthetic rate of oilseed rape affected by particulate matters during the collecting period was established respectively. In the process of modeling, the original hyper-spectral was processed with four pretreatment methods including first derivative (FD), second derivative (SD), Savitzky-Golay smooth (SG), multiple scatter correction (MSC) and standard normal variable transformation (SNV) [45]. Partial least square (PLS) and principal component regression (PCR) modelling methods were adopted to build the model. Correlation coefficient of calibration (Rc) and the correlation coefficient of prediction (Rp) were used to evaluate the performance of the model. The results of the different combination of pretreatment and modeling methods were shown in Tab. 4. By comparing the results of 16 combination methods, the combination of PCR + MSC + SD + SG was finally determined the optimal combination method for establishing the chlorophyll content inversion model. And the coefficient of the calibration was Rc = 0.9585 and Rp = 0.9297, respectively. The combination of PLS + MSC + FD + SG was the optimal method for establishing the net photosynthetic rate inversion model with Rc of 0.9043 and Rp of 0.8955, respectively. The results of the residual (–2 < residual value < 2) indicated that the model was stable. The deviation results of RMSEC and RMSEP was larger than that of standard models, suggesting that particulate matters pollution interfered the establishment of the model. The modeling results could accurately predict the chlorophyll content and net photosynthetic rate of oilseed rape, and provide a reference for future model modification of leafy vegetables under particulate matters pollution environment, which was more practical.

Table 4: Results of the different combination of pretreatment and modeling methods
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4  Conclusions

In this study, oilseed rapes at four different growing periods were investigated in the simulated particulate matters environment. In combination of hyper-spectral technology and ESEM observation, the response of hyper-spectral characteristics of the leaf to particulate matters was investigated in-depth. Under the influence of particulate matters, oilseed rape in different growing periods exhibited consistent features of no apparent fluctuation of spectral. The red edge obviously blue-shifted under the influence of particulate matters, along with the impact on the amplitudes of yellow edge and blue edge, all of which showing declined trend. The ratio of stomatal length to width was smaller than the healthy oilseed. The effect of particulate matters could be identified by the change of vegetation indices. The optimized inversion model of chlorophyll content and net photosynthetic rate could be used to predict the physiological information of oilseed rape under particulate matters pollution during the collecting period.
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