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Abstract

:

Remote sensing end-products related to vegetation have potential applications in monitoring the health of crops. The sensitivity of a spectral index to crop stress determines its application prospect. Our aim in this study was to explore the sensitivity of a ratio vegetation index (RVI) to identify the damage caused by brown planthoppers (BPHs) on rice plants, and to evaluate the potential application of hyperspectral end-products to monitor population size of BPH. Different numbers of the second-instar nymphs were released onto potted rice at the tillering stage. The plants were exposed to BPH for two, four, six, and eight days, and reflectance from the damaged rice was measured using a hyperspectral spectroradiometer. Measurements were done again two, four, and six days after exposure (recover days), and then the spectral index RVI746/670 was compared among rice plants infested with different numbers of BPH. The relationships between RVI746/670, the number of BPH and exposure day were simulated by linear and curve models. BPH damage resulted in a decreased spectral index RVI746/670 of rice plants. RVI746/670 well indicated the damage of rice plants caused by six–eight BPH nymphs per plant in six–eight days, but the index could not identify the damage of these nymphs in two days. The RVI746/670 showed a two–four-day delay to indicate a slight BPH damage. The spectral index RVI746/670 could indicate the physiologic compensation of plants for the feeding of BPH and the post-effect of BPH damage on rice. The RVI746/670 of rice showed a quadratic curve relation with the number of BPH nymphs and a quadratic or linear relation with the exposure day. The recover day had no significant effects on RVI746/670. The RVI746/670 (Y) could be simulated by a quadratic surface model based on the number of BPH (N) and exposure day (T): Y = 3.09427 + 0.59111T + 0.44296N − 0.03683T2 − 0.03035N2 − 0.08188NT (R2 = 0.5228, p < 0.01). In summary, the spectral index RVI746/670 of rice is sensitive to damage caused by BPH.
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1. Introduction


A slight change in physical structure or chemical substance of plant leaves would result in changes of their spectral characteristics, and therefore, the hyperspectral remote sensing end-products have the potential to reflect stresses imposed on crops [1,2,3,4]. Hyperspectral remote sensing techniques are fast, nondestructive and precise in monitoring changes of crops. Herbivore insects feed on crops that alter the leaf area, color, tissue structure, or content of chemical substance, so the feeding damages may be identified by hyperspectral traits of crops [5,6,7,8]. Hyperspectral sensing has a good prospect in monitoring insect pests on crops [9,10,11,12].



Many studies have found that there are constant relationships between spectral index from crops and pest damage levels [13,14,15]. The spectral reflectance in 400–900 nm from winter wheat damaged by Russian wheat aphids Diuraphis noxia was significantly lower than the healthy wheat without aphids [16]. The spectral reflectance of tobacco, especially in the infrared waveband ranges, decreased when tobacco leaves were suffered from aphid feeding [17]. Ratio vegetation index (RVI) and normalized differenced vegetation index (NDVI) that derived from spectral reflectance from crops were strongly related to the population size of insect pests on crops [6,12]. It has been found that the values of NDVI and Green NDVI from wheat were significant negatively related with the stress from the greenbug Schizaphis graminum [6], and this relationship had also been found on rice plants damaged by the brown planthopper (BPH) Nilaparvata lugens [12,18]. Moreover, the RVI800/450 and RVI950/450 were able to identify the damage of wheat from greenbugs and Russian wheat aphids [19]. The RVI730/670 from rice leaf and canopy was related to the infestation scale of the rice leaf folder Cnaphalocrocis medinalis [7], and the NDVI755/664 from rice canopy could identify the BPH damages [8]. In this study, we found that the RVI746/670 from rice leaves had the potential to distinguish the number of BPH on rice. The vegetation index RVI exhibited a great ability to indirectly indicate the contents of chlorophyll and nitrogen in leaves, leaf area, and dry weight [20], and it therefore has a great potential to assess the insect pest damage for crops.



While many studies under control and natural conditions have confirmed that the pest stress can result in the change of hyperspectral characteristics of crops [6,7,12], there are limited actual field applications of hyperspectral remote sensing to monitor pest damages. To our knowledge, the sensitivity of a hyperspectral index to pest stress on crops must be understood before the application of this index, but few studies have been made on this issue. The previous studies mainly focused on the relationship of a hyperspectral index with the damage level of crops at a specific time [3,4,5,6,7,8,9,10,11,12,13,14,15], but did not successively assess this relationship as the damage levels changed. Thus, the sensitivity of a hyperspectral index to crop damages was still unknown. BPH is a serious pest on rice plants that often causes great yield losses of rice [11,12]. Effective pest control needs the support of population monitoring and forecasting data to determine when the control will be carried out. Nowadays, the monitoring method in rice fields for BPHs is still dependent on manual labor to sample and survey, which cannot satisfy the requirements of the modern agriculture because of its high labor costs and relative low accuracy [21]. Therefore, in this study, we focused on the sensitivity of a hyperspectral index to the BPH damage on rice plants, in order to promote the hyperspectral remote sensing method to be used in monitoring pests in the field.




2. Materials and Methods


2.1. Rice Plants and Insects


The variety of rice was Wuyujing 7 which was round-grained rice. The rice plants at tillering stage were transplanted into plastic cups (diameter 84 mm, height 100 mm), and then kept at a constant temperature room (27 °C, light:dark = 12 h:12 h). BPHs were collected from rice fields in Nanjing, China and reared in a growth chamber at 27 °C, light:dark = 12 h:12 h using rice seedlings.




2.2. Transfer BPHs onto Rice Plants


In order to attain a series of homogeneous rice plants, the leaf area and SPAD readings of two expanded leaves in a plant were measured, and these rice plants with the similar leaf area (4.6~5.2 cm2) and SPAD readings (23.5~29.8) were chosen for the experiment. The leaf area was measured through multiplying the length by the max width of a leaf. The SPAD readings were measured by a chlorophyll meter (SPAD-502, Soil–Plant Analysis Development Section, Minolta Camera Co., Osaka, Japan). There were five leaves in a rice plant, and the three old leaves below were not measured, and only the two expanded leaves up were done (Figure 1).



The second-instar BPH nymphs were released onto 60 potted rice plants according to different population densities, and then the rice was covered by a transparent plastic chamber with a sponge plug to avoid the escape of nymphs (Figure 1). Five BPH densities 0, 2, 4, 6, and 8 nymphs per rice plant were designed. The rice plants were exposed to BPH for 2, 4, 6, and 8 days, and then all BPHs were removed. After 6 days exposure, there were no visible symptoms in rice plants exposed to 0, 2, 4, and 6 BPH nymphs, but 8 BPHs resulted in depigmentation of a part leaves (Figure 1). Spectral reflectance of rice plants in cups was measured at 15 cm above the leaves in 0, 2, 4, and 6 days after exposure (named recover day). The rice plants not exposed to BPH were control, named healthy rice. The experiments carried out three replications under a constant condition in the laboratory.




2.3. Measurement of Spectral Reflectance


The spectral reflectance of a rice plant was examined in a dark room at 25 °C using an ASD FieldSpec HandHeld Spectroradiometer (Analytical Spectral Devices, Inc., Boulder, CO, USA) and a 50 W halogen lamp. The spectral range is 325–1 075 nm with a resolution of 3 nm, and sampling interval is 1.6 nm. The field of view angle of the ASD radiometer is 25°. All leaves of a rice plant were placed on a piece of black cloth in order to reduce the effect of background on reflectance. The ASD was fixed 15 cm above the center of rice leaves, ensuring all leaves of a plant located in the field of the radiometer. The light source was fixed 40 cm away from leaves with a 45° angle. The ASD was preheated 20 min and then connected to the FieldSpec RS2 system to collect reflectance from rice leaves. Before recording, the radiometer was calibrated by a 91 mm round white reference panel that is nearly 100% reflecting and white referencing again every 15 min. A dark current measurement was applied when taking a white reference for reflectance measurements. The reflectance from a rice plant was collected successively ten times in the same field, and their average was considered as the reflectance of this rice plant.




2.4. Data Analysis


The spectral data collected from rice plants were analyzed using the ASD software (View Spec Pro Version 5.0), and the reflectance in 325 to 1075 nm was attained from the rice plants. The reflectance reached to a high and stable level after 746 nm (Figure 2a). The correlations between the reflectance from a rice plant in each 1 nm waveband and the number of BPH feeding on this plant were analyzed, and the maximally positive and minimally negative correlation coefficients appeared at 670 nm and 746 nm, respectively (Figure 2a). Moreover, the ratio vegetation indices around 746 nm and 670 nm had the highest negative correlation with the number of BPH damaged rice plants (Figure 2b). Therefore, in this study, we chose these two wavebands to set up a ratio vegetation index RVI746/670 and assessed the sensitivity of this index to BPH damage. The RVI746/670 was computed by the ratio of reflectance at 746 nm (R746) to 670 nm (R670), RVI746/670 = R746/R670. The differences in RVI746/670 from rice plants damaged by different densities of BPH were analyzed by ANOVA followed the Post Hoc Tukey’s test. In order to explore the effects of BPH density, exposure day and recover day on RVI746/670, a repeated measure ANOVA was performed as the recover day was a repeated measure factor. The relationships between RVI746/670 and the BPH density or exposure day were simulated by a quadratic curve or linear function. The relationships between RVI, BPH density, and exposure day on a rice plant were simulated by a quadric surface model. The linear regression relation between estimated and measured RVI746/670 from rice was analyzed to evaluate the goodness of fit of the quadratic surface model. We used the F and p values to show the significant level. The p-value less than 0.05 was considered to be significant in all the statistics analyses. The simulation and statistics of data were performed using OriginPro 8 and SAS9.0 software, respectively.





3. Results


3.1. RVI746/670 of Rice Plants Exposed to BPH for Different Days


The spectral index RVI746/670 of a rice plant at tillering stage increased when it was damaged by two–eight 2rd-instar nymphs for two days, and the value was significantly higher from the rice plant exposed to 8 BPH nymphs than from the rice plant without exposure (F4,10 = 4.27, p = 0.028), but there were no significant differences in values from rice plants exposed to two to eight nymphs (Figure 3a). Two–six days after BPH exposure, the RVI746/670 of rice plants damaged by two–eight nymphs in two days was not significantly different from the control without BPHs (2 days after exposure: F4,10 = 0.354, p = 0.836, Figure 3b; four days after exposure: F4,10 = 0.107, p = 0.977, Figure 3c; six days after exposure: F4,10 = 0.128, p = 0.969, Figure 3d). The overlapping ranges of the spectral index RVI746/670 values among different number of BPHs indicate that this spectral index is not sensitive to the damage of two–eight nymphs in two days (Figure 3).



When the rice plants were exposed to zero–eight nymphs for four days, their RVI746/670 values were overlapping among different nymph densities (F4, 10 = 2.507, p = 0.109, Figure 4a). Moreover, two days after exposure, the RVI746/670 still had no differences among zero–eight nymphs (F4, 10 = 1.361, p = 0.314, Figure 4b). However, four days after exposure, the RVI746/670 from the rice plant exposed to 8 nymphs was significantly lower than that of the rice exposed to 0–4 nymphs, suggesting that the post-effect of BPH damage on rice plants was detected by the spectral index (F4, 10 = 3.527, p = 0.048, Figure 4c). Six days after exposure, the effect of BPH nymph’s damage on the spectral index RVI746/670 of rice plants was missed (F4, 10 = 2.970, p=0.074, Figure 4d). The spectral index RVI746/670 showed a four–day delay for indicating a short-term damage of rice plants by BPH.



When BPH nymphs damaged rice plants for 6 days, the RVI746/670 of rice plants decreased (F4, 10 = 3.35, p = 0.055, Figure 5a). Two days (F4, 10 = 3.64, p = 0.044, Figure 5b), four days (F4, 10 = 7.15, p = 0.005, Figure 5c), and 6 days (F4, 10 = 4.28, p = 0.028, Figure 5d) after exposure to six or eight BPH nymphs, the RVI746/670 values of rice plants were significantly lower than that of the control. The post-effect of BPH damage on rice had been detected by the RIV746/670. Due to the obvious overlapping ranges, the spectral index RVI746/670 could not distinguish the damage of two and 4 BPH nymphs on a rice plant in six days. The RVI746/670 had a two or four-day delay for detecting damages of six and eight BPH nymphs in six days on a rice plant (Figure 5).



When a rice plant was exposed to 6 and 8 BPH nymphs for 8 days, its spectral index RVI746/670 decreased significantly (F4, 10 = 20.69, p < 0.01, Figure 6a). Two days (F4, 10 = 17.05, p < 0.01, Figure 6b), 4 days (F4, 10 = 19.45, p < 0.01, Figure 6c) and 6 days (F4, 10 = 12.91, p < 0.01, Figure 6d) after BPH exposure, the values were still significantly lower than that of the control. However, the damages of two and four BPH nymphs per plant in eight days could not be identified from the healthy rice using the RVI746/670 (Figure 6).



Overall, the BPH density and exposure day significantly affected the ratio vegetation index RVI760/674 from rice plants (Table 1). These two factors also had a significant interaction on RVI760/674. More BPH and longer exposure day would generate the lowest RVI760/674 of rice. The recover day had no significant effects on RVI760/674, and it had no interactions with BPH density and exposure day (Table 1), suggesting that the BPH damage of rice could not recover.




3.2. Relationships between Spectral Index and the Number of BPH or Exposure Day


The spectral index RVI746/670 from a rice plant had a quadratic curve relation with the number of BPH nymphs. This curve relation was significant for the two days (F2, 12 = 4.382, p = 0.037, Figure 7a), six days (F2, 12 = 7.077, p < 0.01, Figure 7c), and eight days (F2, 12 = 48.631, p < 0.01, Figure 7d) of exposure, except four days (F2, 12 = 2.114, p = 0.163, Figure 7b). The RVI746/670 (Y) from the rice plants exposed to BPH for eight days could be well evaluated based on the number of BPHs (N): Y = −0.0561N2 + 0.0616N + 4.9957 (R2 = 0.8902, p < 0.01). The RVI746/670 is sensitive to the population size of BPHs on rice plants.



The RVI746/670 from a rice plant decreased as the exposure day to 6 and 8 BPH nymphs extended from two to eight days (Figure 8). The relations between RVI746/670 from a rice plant and exposure day could be simulated by a quadratic curve for the exposure to 6 nymphs (F2, 9 = 3.21, p = 0.089; Figure 8a) and by a linear model for the exposure to eight nymphs (F1, 10 = 17.07, p < 0.01; Figure 8b). The spectral index RVI746/670 of rice plants is sensitive to exposure day to BPH.




3.3. Model of RVI746/670 Based on the Number of BPH and Exposure Days


The RVI746/670 (Y) of a rice plant was strongly dependent on the number of BPH (N) and exposure days (T). It could be simulated by a quadratic surface model: Y = 3.09427 + 0.59111T + 0.44296N − 0.03683T2 − 0.03035N2 − 0.08188NT (R2 = 0.5228, p < 0.01). The model showed that a short-term damage by a low density of BPH would lead to an increase of the RVI746/670 from rice plants, but a high density would directly decrease the RVI746/670 (Figure 9a). The estimated values of RVI746/670 based on the quadratic surface model had a significant linear relation with the observed values (R2 = 0.8334, p < 0.01; Figure 9b). The spectral index RVI746/670 is sensitive to the damage of BPH on rice. Therefore, the RVI746/670 has the potential application to monitor damage scales of rice caused by BPH.





4. Discussion


The ratio vegetation index RVI has the potential to indicate the stress level of crops [7,12,19], due to its high correlation with the leaf area, dry biomass and chlorophyll content [20]. The damage degree of a crop by pests is determined by the pest population size and exposure time. The results in this study showed that the ratio spectral index RVI746/670 from rice plants significantly decreased with the increase of population size of BPH nymphs and the extension of exposure day. Therefore, this spectral index RVI746/670 has the potential to reflect the magnitude of pest stress on rice plants. Previous studies showed that the spectral reflectance from crops in red (640–740 nm) and near-infrared bands (740–1300 nm) was significantly related with the damage degree of sucking insect pests [5,13,18,22]. In this study, we confirmed that the reflectance at 670 nm and 746 nm from rice plants could indicate the BPH damage and established the spectral index RVI746/670. The wavebands and index may be useful to set up an air- or space-born sensor to monitor pests. On the other hand, the specific bands determined in this study will help us to interpret the remote sensing image and dig information for monitoring pests in agriculture. Therefore, the pest monitor in agriculture based on remote sensing is likely to become true in future when we find the key reflectance bands and the threshold of a spectral index like RVI746/670 between the damaged and healthy crops. It is noteworthy that the sensitive spectral index to BPH found in this study was derived from a rice plant, so the minimum spatial resolution of the index needs to be determined before application in airborne or spaceborne sensors, as well as the effects of size and sparsity of the affected plantations.



The sensitivity of a spectral index to damage severity of crops is a key factor to evaluate the use perspective of this index in field. The more sensitivity of an index to a slight change of damage on crops, the higher the ability to identify pest levels this index has. Many studies have indicated that the spectral reflectance at sensitive bands and their combinational indices from crops were significantly related to pest damages [5,8,23,24,25], but studies on the sensitivity and threshold of spectral index to distinguish the damage level of crops are little. Therefore, remote sensing end-products related to hyperspectral reflectance are still used less in the pest monitoring in field. A previous study suggested that the spectral index might distinguish the infested and healthy wheat when aphids had been infested for more than a threshold day, and the threshold was 25 days after aphid infestation for the winter experiment and 13 days for the spring experiment [5]. A back-propagation neural network based on full spectra from 380 nm to 1 030 nm could classify the rice plants infested with striped stem-borers Chilo suppressalis Walker for four or more days, but the rice damaged for two days were confused with the healthy ones [26]. The rice planthoppers are small and usually hide in the lower part of rice plants. They are easy to be overlooked. When the damage symptom caused by planthoppers appears in rice, a huge loss of rice yield has become unavoidable [27,28,29]. Therefore, the early monitoring of planthopper populations is important for the timely control. In this study, we found that the spectral index RVI746/670 could well distinguish the rice plants damaged by six and eight 2rd-instar BPH nymphs for eight days before appearance of visibly damage symptoms. The time threshold of RVI746/670 to monitor 2rd-instar nymphs would be 8 days after BPH infestation onto the tillering stage of rice. The damage of young nymphs of BPH on rice is lower than that of the old ones [28], so the time threshold of RVI746/670 will be earlier than eight days if the BPH population in field includes both the young and old nymphs. Moreover, the eight-day-exposure to two and four young BPH nymphs could not result in significant changes of the RVI746/670 from rice plants. Thus, the density threshold of BPH which RVI746/670 could identify would be more than four young nymphs per plant. The RVI746/670 could identify rice plants exposed to six and eight young BPH nymphs for eight days, which suggests that this spectral index is sensitive to BPH damage on rice and it will be applied in the population monitor.



There was a quadratic curve relation between the ratio vegetation index RVI746/670 from rice plants and the number of BPH nymphs on rice. Moreover, the relationships among RVI746/670, number of BPH and exposure day could be simulated by a quadratic surface model. These results showed that rice plants fed by a small amount of BPH nymphs for a short time (two–four days) would increase the ratio vegetation index (Figure 3a), but if the number of BPH was large, the index decreased fast. The increase of RVI746/670 might result from the physiologic compensation of rice plants which had been found in crops [29]. The compensation effects of crops induced by the feeding of a small number of pests can improve the performances of crops and increase yields [30,31]. Therefore, the increase of RVI746/670 in rice plants exposed to two and four BPHs for two days is not a consequence of inaccuracies in the measurements, but indicates a normal physiological trait of rice plants. This result further proves that the RVI746/670 can indicate a slight change of rice, suggesting its sensitivity to BPH damage.



While the RVI746/670 did not decreased at once when rice plants were exposed to BPHs for four and six days, it significantly reduced two to six days later. The result showed that the post-effect of BPH feeding on rice plants could be identified by the spectral index RVI746/670. The spectral index RVI746/670 is sensitive to reflect the changes of rice plants during and after BPH infestation. Moreover, we established the quadratic surface model to evaluate the RVI746/670 of rice plants damaged by BPH for different days. Based on the model, we can assess the population size of BPH via measuring the RVI746/670 and occurrence time of BPH in rice field. To our knowledge, this is the first time a quadratic surface model has been set up to monitor pests based on a spectral index.



The experiments in this study were carried out under a controlled condition in the laboratory. Three replications including 60 potted rice were sufficient for finding the relationships between BPH, exposure day and RVI746/670. Of course, if more replications were performed, we could test the accuracy of models to evaluate the number of BPH on rice. This study focused on determining the sensitivity of a spectral index to BPH damage. The results will be used in rice field to monitor BPH. Therefore, more experiments and replications must be carried out in rice field in future. In the field, the age structures of BPH populations are various. The number of BPH does not present wholly their damage like this study. Therefore, a simplified damage level based on rice symptoms has been used [22], and the relationship between the damage level and RVI needs to establish in the further experiments.




5. Conclusions


BPH damage results in significant changes of the ratio vegetation index RVI746/670 of rice plants. RVI746/670 has a 2–4 days delay to detect a small number of BPHs on rice plants, but it can indicate the slight post-effect of BPH damage and the compensation effect of rice. The spectral index can exhibit the real performance of rice plants damaged by BPHs. RVI746/670 has a quadratic curve relation with the number of BPH nymphs on rice, and it has a quadratic surface relation with the number of BPH nymphs and exposure days. The ratio vegetation index RVI746/670 is sensitive to BPH damage and has the potential to monitor BPH.







Author Contributions


Formal analysis, Y.T., J.-Y.S. and X.-D.L.; Funding acquisition, X.-D.L.; Investigation, Y.T., J.-Y.S., B.Z., M.C. and Y.L.; Methodology, Y.T., J.-Y.S. and X.-D.L.; Project administration, Y.T. and X.-D.L.; Supervision, X.-D.L.; Writing—original draft, J.-Y.S. and X.-D.L.; Writing—review & editing, X.-D.L.




Funding


This research was funded by the Jiangsu Province Agricultural Science and Technology Independent Innovation Fund Project (CX(16)1001).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Jackson, R.D. Remote-sensing of biotic and abiotic plant stress. Annu. Rev. Phytopathol. 1986, 24, 265–287. [Google Scholar] [CrossRef]

	



Wu, T.; Ni, S.X.; Li, Y.M.; Zhou, X.X.; Chen, J. Monitoring of the damage intensity extent by oriental migratory locust using of hyper-spectra data measured at ground surface. J. Remote Sens. 2007, 11, 103–108. [Google Scholar]

	



Prabhakar, M.; Prasad, Y.G.; Desai, S.; Thirupathi, M.; Gopika, K.; Rao, G.R.; Venkateswarlu, B. Hyperspectral remote sensing of yellow mosaic severity and associated pigment losses in Vigna mungo using multinomial logistic regression models. Crop Prot. 2013, 45, 132–140. [Google Scholar] [CrossRef]

	



Zhao, F.; Huang, Y.; Guo, Y.; Reddy, K.N.; Lee, M.A.; Flecher, R.S.; Thomson, S.J. Early detection of crop injury from glyphosate on soybean and cotton using plant leaf hyperspectral data. Remote Sens. 2014, 6, 1538–1563. [Google Scholar] [CrossRef]

	



Yang, Z.; Rao, M.N.; Elliott, N.C.; Kindler, S.D.; Popham, T.W. Using ground-based multispectral radiometry to detect stress in wheat caused by greenbug (Homoptera: Aphididae) infestation. Comput. Electron. Agric. 2005, 47, 121–135. [Google Scholar] [CrossRef]

	



Elliott, N.; Mirik, M.; Yang, Z.M.; Jones, D.; Phoofolo, M.; Catana, V.; Giles, K.; Michels, G.J., Jr. Airborne remote sensing to detect greenbug stress to wheat. Southwest. Entomol. 2009, 34, 205–211. [Google Scholar] [CrossRef]

	



Huang, J.R.; Liao, H.J.; Zhu, Y.B.; Sun, J.Y.; Sun, Q.H.; Liu, X.D. Hyperspectral detection of rice damaged by rice leaf folder (Cnaphalocrocis medinalis). Comput. Electron. Agric. 2012, 82, 100–107. [Google Scholar] [CrossRef]

	



Huang, J.R.; Sun, J.Y.; Liao, H.J.; Liu, X.D. Detection of brown planthopper infestation based on SPAD and spectral data from rice under different rates of nitrogen fertilizer. Precis. Agric. 2015, 16, 148–163. [Google Scholar] [CrossRef]

	



Hu, Z.Q.; Kang, J.X.; Luo, C.; Hu, X.S.; Zhang, G.S.; Zhao, H.Y. Canopy hyperspectral characteristics and its predication model for the amount of grain aphid Sitobion avenae under different wheat cultivars. J. Nanjing Agric. Univ. 2015, 38, 267–272. [Google Scholar]

	



Xue, L.Z.; Xu, L.; Tan, Y.; Liu, X.D. Spectral characteristics of different rice cultivars damaged by the brown planthopper Nilaparvata lugens. J. Nanjing Agric. Univ. 2015, 38, 796–803. [Google Scholar]

	



Xu, L.; Tan, Y.; Liu, X.D. Possibility of monitoring population density of brown planthoppers and grain weight of rice using spectral reflectance from rice canopy. J. Nanjing Agric. Univ. 2016, 39, 954–959. [Google Scholar]

	



Liu, X.D.; Sun, Q.H. Early assessment of the yield loss in rice due to the brown planthopper using a hyperspectral remote sensing method. Int. J. Pest Manag. 2016, 62, 205–213. [Google Scholar] [CrossRef]

	



Yang, C.M.; Cheng, C.H.; Chen, R.K. Changes in spectral characteristics of rice canopy infested with brown planthopper and leaffolder. Crop Sci. 2007, 47, 329–335. [Google Scholar] [CrossRef]

	



Mirik, M.; Ansley, R.J.; Michels, G.J., Jr.; Elliott, N.C. Spectral vegetation indices selected for quantifying Russian wheat aphid (Diuraphis noxia) feeding damage in wheat (Triticum aestivum L.). Precis. Agric. 2012, 13, 501–516. [Google Scholar] [CrossRef]

	



Chen, T.; Zeng, R.; Guo, W.; Hou, X.; Lan, Y.; Zhang, L. Detection of stress in cotton (Gossypium hirsutum L.) caused by aphids using leaf level hyperspectral measurements. Sensors 2018, 18, 2798. [Google Scholar] [CrossRef] [PubMed]

	



Mirik, M.; Michels, G.J., Jr.; Kassymzhanova-Mirik, S.; Elliott, N.C. Reflectance characteristics of Russian wheat aphid (Hemiptera: Aphididae) stress and abundance in winter wheat. Comput. Electron. Agric. 2007, 57, 123–134. [Google Scholar] [CrossRef]

	



Qiao, H.B.; Jiang, J.W.; Cheng, D.F.; Chen, S.L.; Liu, J.A.; Ma, J.S. Comparison of hyperspectral characteristics in tobacco aphid damage. Chin. Bull. Entomol. 2007, 44, 57–61. [Google Scholar]

	



Sun, Q.H.; Liu, X.D. Spectral characteristics of the damaged rice plant by brown planthopper, Nilaparvata lugens. Chin. J. Rice Sci. 2010, 24, 203–209. [Google Scholar]

	



Yang, Z.; Rao, M.N.; Elliott, N.C.; Kindler, S.D.; Popham, T.W. Differentiating stress induced by greenbugs and Russian wheat aphids in wheat using remote sensing. Comput. Electron. Agric. 2009, 67, 64–70. [Google Scholar] [CrossRef]

	



Jia, X.Q.; Feng, M.C.; Yang, W.D.; Wang, C.; Xiao, L.J.; Sun, H.; Wu, G.H.; Zhang, S. Hyperspectral estimation of aboveground dry biomass of winter wheat based on the combination of vegetation indices. Chin. J. Ecol. 2018, 37, 424–429. [Google Scholar]

	



Wang, R.L.; Lu, M.H.; Han, L.Z.; Yu, F.L.; Chen, F.J. Methods and technologies for surveying and sampling the rice planthoppers, Nilaparvata lugens, Sogatella furcifera and Laodelphax striatellus. Chin. J. Appl. Entomol. 2014, 51, 842–847. [Google Scholar]

	



Prasannakumar, N.R.; Chander, S.; Sahoo, R.N. Characterization of brown planthopper damage on rice crops through hyperspectral remote sensing under field conditions. Phytoparasitica 2014, 42, 387–395. [Google Scholar] [CrossRef]

	



Prasannakumar, N.R.; Chander, S.; Sahoo, R.N.; Gupta, V.K. Assessment of brown planthopper, (Nilaparvata lugens [Stål]), damage in rice using hyperspectral remote sensing. Int. J. Pest Manag. 2013, 59, 180–188. [Google Scholar] [CrossRef]

	



Luedeling, E.; Hale, A.; Zhan, M.H.; Bentley, W.J.; Dharmasri, L.C. Remote sensing of spider mite damage in California peach orchards. Int. J. Appl. Earth Obs. Geoinf. 2009, 11, 244–255. [Google Scholar] [CrossRef]

	



Liu, Z.Y.; Qi, J.G.; Wang, N.N.; Zhu, Z.R.; Luo, J.; Liu, L.J.; Tang, J.; Cheng, J.A. Hyperspectral discrimination of foliar biotic damages in rice using principal component analysis and probabilistic neural network. Precis. Agric. 2018, 19, 973–991. [Google Scholar] [CrossRef]

	



Fan, Y.; Wang, T.; Qiu, Z.; Peng, J.; Zhang, C.; He, Y. Fast detection of striped stem-borer (Chilo suppressalis Walker) infested rice seedling based on visible/Near-infrared hyperspectral imaging system. Sensors 2017, 17, 2470. [Google Scholar] [CrossRef] [PubMed]

	



Denno, R.F.; Roderick, G.K. Population biology of planthoppers. Annu. Rev. Entomol. 1990, 35, 489–520. [Google Scholar] [CrossRef]

	



Yan, Y.; Wu, Z.; You, S. Evaluation of the damage of brown planthopper to paddy rice. Acta Phytophylacica Sin. 1991, 13, 139–142. [Google Scholar]

	



Litsinger, J.A. When is a rice insect a pest: Yield loss and the green revolution. In Intergrated Pest Management: Innovation-Development Process; Chapter 16; Peshin, R., Dhawan, A.K., Eds.; Springer: Dordrecht, The Netherlands, 2009. [Google Scholar]

	



Sheng, C.F. An approach to the nature of compensation of crops for insect feeding. Acta Ecol. Sin. 1989, 9, 207–212. [Google Scholar]

	



Jin, D. Ability of compensation of rice to the larval injury by the rice leaffolder, Cnaphalocrocis medinalis (Güenée). Acta Phytophylacica Sin. 1984, 11, 1–7. [Google Scholar]








[image: Sensors 19 00375 g001 550]





Figure 1. The rice plants damaged by 0~8 BPH 2rd-instar nymphs for 6 days. 
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Figure 2. Reflectance from a rice plant exposed to 0–8 BPH nymphs for six days and the correlation coefficients (the black curve) between reflectance in each 1 nm wavelength from 400 to 1000 nm and the number of BPH (a), and the correlation between the ratio vegetation index and the number of BPH (b). The horizontal dash line in (a) represents the significant level of the correlation coefficient at p = 0.05. 
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Figure 3. RVI746/670 of rice leaves exposed to 0–8 second-instar nymphs of BPH in two days (a) and 2–6 days after BPH exposure (b,c,d). In the box plot, the box represents the 25th and 75th percentiles; whiskers represent the minimum and maximum values; the line in box represents the median percentile; the open circle in a box represents the mean. The different letters above the box plots show significant differences in the RVI746/670 means among different numbers of BPH at p = 0.05 level. 






Figure 3. RVI746/670 of rice leaves exposed to 0–8 second-instar nymphs of BPH in two days (a) and 2–6 days after BPH exposure (b,c,d). In the box plot, the box represents the 25th and 75th percentiles; whiskers represent the minimum and maximum values; the line in box represents the median percentile; the open circle in a box represents the mean. The different letters above the box plots show significant differences in the RVI746/670 means among different numbers of BPH at p = 0.05 level.
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Figure 4. RVI746/670 of rice leaves exposed to 0–8 second-instar BPH nymphs for four days (a) and 2–6 days after BPH exposure (b,c,d). In the box plot, the box represents the 25th and 75th percentiles; whiskers represent the minimum and maximum values; the line in box represents the median percentile; the open circle in a box represents the mean. The different letters above the box plots show significant differences in the RVI746/670 means among different numbers of BPH at p = 0.05 level. 
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Figure 5. RVI746/670 of rice leaves exposed to 0–8 second-instar BPH nymphs for six days (a) and 2–6 days after BPH exposure (b, c and d). In the box plot, the box represents the 25th and 75th percentiles; whiskers represent the minimum and maximum values; the line in box represents the median percentile; the open circle in a box represents the mean. The different letters above the box plots show significant differences in the RVI746/670 means among different numbers of BPH at p = 0.05 level. 
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Figure 6. RVI746/670 of rice leaves exposed to 0–8 second-instar BPH nymphs for eight days (a) and 2–6 days after BPH exposure (b, c and d). In the box plot, the box represents the 25th and 75th percentiles; whiskers represent the minimum and maximum values; the line in box represents the median percentile; the open circle in a box represents the mean. The different letters above the box plots show significant differences in the RVI746/670 means among different numbers of BPH at p = 0.05 level. 
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Figure 7. Relationships between RVI746/670 of a rice plant and the number of BPH nymphs damaged rice for 2 (a), 4 (b), 6 (c), and 8 (d) days. 
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Figure 8. RVI746/670 of a rice plant exposed to 6 (a) and 8 BPH nymphs (b) for 2–8 days. 
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Figure 9. The quadratic surface model for simulating the relationships between RVI746/670, the number of BPH and exposure day (a), and the linear relationship between estimated RVI746/670 values based on the model and measured values from rice plants (b). 
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Table 1. Effects of BPH density, exposure day, and recover day on the RVI760/674 from a rice plant based on a repeated measure ANOVA.
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	Source
	Degree of Freedom
	Mean Square
	F
	p





	BPH density
	4
	44.88566
	41.37604
	<0.001



	Exposure day
	3
	10.27968
	9.475905
	<0.001



	Recover day
	3
	1.048373
	1.239454
	0.298



	BPH density*exposure day
	12
	6.314903
	5.82114
	<0.001



	BPH density*recover day
	12
	0.774209
	0.915321
	0.534



	Expousre day*recover day
	9
	0.929848
	1.099327
	0.368



	BPH density*exposure day*recover day
	36
	0.256511
	0.303264
	0.999
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