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Abstract

:

Land surface phenology derived from satellite data provides insights into vegetation responses to climate change. This method has overcome laborious and time-consuming manual ground observation methods. In this study, we assessed the influence of climate on phenological metrics of rubber (Hevea brasiliensis) in South Sumatra, Indonesia, between 2010 and 2019. We modelled rubber growth through the normalised difference vegetation index (NDVI), using eight-day surface reflectance images at 250 m spatial resolution, sourced from NASA’s Moderate Resolution Imaging Spectroradiometer (MODIS) Terra and Aqua satellites. The asymmetric Gaussian (AG) smoothing function was applied on the model in TIMESAT to extract three phenological metrics for each growing season: start of season (SOS), end of season (EOS), and length of season (LOS). We then analysed the effect of rainfall and temperature, which revealed that fluctuations in SOS and EOS are highly related to disturbances such as extreme rainfall and elevated temperature. Additionally, we observed inter-annual variations of SOS and EOS associated with rubber tree age and clonal variability within plantations. The 10-year monthly climate data showed a significant downward and upward trend for rainfall and temperature data, respectively. Temperature was identified as a significant factor modulating rubber phenology, where an increase in temperature of 1 °C advanced SOS by ~25 days and EOS by ~14 days. These results demonstrate the capability of remote sensing observations to monitor the effects of climate change on rubber phenology. This information can be used to improve rubber management by helping to identify critical timing for implementation of agronomic interventions.
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1. Introduction


Phenology refers to the study of the recurring stages of plant and animal life [1]. Vegetation phenology studies specific plant life cycle events such as bud burst, canopy growth, flowering, and senescence, and their relation to environmental factors. Phenology is a robust ecological indicator of climate change [2,3] and environmental variation impacts, across individual species to entire landscapes [4]. Most phenological events are receptive to temperature, rainfall, and human activities that affect vegetation growth and functions. For example, previous studies have linked shifts in rainfall and temperature to delayed leaf senescence and abscission in rubber trees [5], earlier start of the growing season across species in Ethiopia [6], advances in leaf unfolding of several woody species [7], and reduced litter components in three Acacia species [8]. Thus, phenology facilitates an improved understanding of the interactions among biotic and abiotic factors that impact life on Earth.



Two commonly employed techniques to study vegetation phenology are ground observation [5,9] and remote sensing (e.g., [10,11]). Ground observation data are used for conducting species-specific phenological analyses at limited scales [9,12]. This technique is time and resource expensive. Alternately, general inter-annual vegetation changes can be interpreted via spatial and spectral resolutions of remote sensing imagery, although this does not include specific phenological events [13]. This is called land surface phenology. It captures larger landscapes [14] over longer timeframes [15] in order to define the land surface phenological metrics of growing seasons. The most commonly used metrics are start, end, and length of growing season (SOS, EOS, and LOS, respectively) [16,17]. The SOS and EOS are important phenological metrics as they are the termini wherein vegetation phenological events occur.



Various types of satellite data have been used to monitor land surface phenology. These include Deep Space Climate Observatory (DSCOVR) satellites data [18], geostationary satellites data (e.g., GEOS-16 and -17 [19]), polar orbit satellites data (e.g., MODIS [11,20,21] and Landsat [22,23,24]) and solar-induced fluorescence (SIF) data [25,26,27]. Geostationary satellites provide the highest temporal resolution of 30 to 2.5 min, followed by MODIS at 1-day, and SIF at 16-days. Although higher temporal resolutions are crucial in phenology monitoring, the selection of satellite data is subject to a trade-off between spatial and temporal resolution and is limited by its coverage.



Most land surface phenology models are derived from vegetation indices extracted from satellite data. The most widely used vegetation indices for this purpose are Normalised Difference Vegetation Index (NDVI) [28,29] and Enhanced Vegetation Index (EVI) [30,31]. For remote sensing, vegetation phenology is the integrative environmental indicator of climate change, which reveals the impacts of climate change on vegetation phenology over space and time. Broich et al. [10] studied the land surface phenology response to climate variability across Australia. They modelled the phenological cycle curves from EVI-measured greening and browning, and extracted the key phenological metrics from it. Their result indicates that phenological metrics of cycle peak and integrated greenness were significantly correlated to the standardised difference in air pressure as opposed to rainfall. On the other hand, Moses et al. [20] found that rainfall influences land surface phenology metrics during the green-up period but not in the senescence period in the semi-arid savanna of South Africa. In their study, the SOS and EOS phenological metrics were derived from analysis of a time series of leaf area index. Similarly, using NDVI data, Wang et al. [32] extracted the same phenological metrics to study climate and phenology interactions in catchment areas in the Northern Hemisphere, showing that an increase in temperature strongly influenced the advance of SOS and delay of EOS in the study area. Busetto et al. [33] compared field data with NDVI extracted SOS and EOS, concluding that NDVI enabled more accurate estimates for the two metrics. This study also reported that an increase in mean spring temperature leads to the advancement of budburst. This technique has also been applied to conifer forest [34] and alpine forest [35] to study the land surface phenology of the crop. However, the study of land surface phenology of plantation crops such as rubber (Hevea brasiliensis) is still relatively unexplored.



Rubber is a plantation crop that produces latex. The key phenological stages that occur in rubber involve annual defoliation and refoliation processes during what is called the wintering period. Wintering occurs in the dry season, which in Sumatra is between July and September. Leaf fall in the refoliation period naturally causes distinct changes in the tree canopy. This biophysical property is an excellent indicator for detecting, measuring, and tracking growth using remote sensing imagery. Previous studies have exploited this unique characteristic to differentiate rubber from other vegetation, such as forest and oil palm, for mapping purposes [36,37,38]. Several vegetation indices such as NDVI, Land Surface Water Index (LSWI), Normalized Burn Ratio (NBR), Atmospherically Resistant Vegetation Index (ARVI), and Normalised Difference Moisture Index (NDMI) have been effectively deployed for detection of wintering in rubber [39,40]. Rubber phenology is highly sensitive to climate change, particularly to rainfall and temperature [9,41,42]. These responses have a direct impact on yield [43]. The SOS and EOS are affected by temperature and rainfall, respectively, as changes in these climatic factors may delay or advance the season [9]. Our knowledge on how climatic factors influence land surface phenology metrics such as SOS and EOS is currently limited. To our knowledge, no previous study has investigated and analysed phenological trends using multi-temporal remote sensing data for rubber plantations. This is particularly important as rubber plantations have a relatively long economic lifespan of up to 35 years.



In this study, we aimed to investigate the influence of climate on rubber phenological changes over the past ten years using remote sensing datasets. The specific objectives of the paper are three-fold: (1) to demonstrate the applicability of remote sensing data to extract the rubber phenology of SOS and EOS; (2) to examine the trend and changes of two major climatic data; and (3) to assess SOS/EOS response to rainfall and temperature. This information is essential for differentiating natural leaf drop during wintering with abnormal leaf drop. Consequently, this could assist in developing an early warning system for disease and triggering interventions.




2. Materials and Methods


2.1. Study Area


Indonesia has the largest area planted to rubber in the world. Among all Indonesian provinces, South Sumatra (3.3194°S and 103.9144°E) possesses the largest area committed to rubber production. The province contributed 28.1% of total Indonesian dry rubber production in the year 2018 [44]. Within South Sumatra, agriculture is the pillar of the economy, with natural rubber being particularly important. Therefore, South Sumatra, specifically in the Banyuasin regency, was chosen as a study area, covering a total area of 1493 hectares (Figure 1).



The study area is characterised by a tropical monsoon climate that delivers annual dry and rainy seasons. The dry season typically spans from May to September, while the rainy season falls between October and April. The average annual precipitation is 2623 mm, with air temperature ranging from 24.7 °C to 32.9 °C and relatively high air humidity above 82%. The average altitude of the area is approximately 8 m.



Rubber plantations were the sole land cover type analysed in this study, and there was no change in land cover type throughout the study period of 2010 to 2019. This minimised uncertainties in the remote sensing data pixels as there was no influence of other crops/land cover when extracting rubber phenology.




2.2. Rubber Phenological Events and Remote Sensing


Rubber trees are considered mature and ready for latex harvesting at 5–7 years. At full maturity, rubber trees commence annual wintering behaviour, where leaves are shed during the drier months before being replaced with fresh foliage.



Prior to defoliation, the normally dark green, mature leaves turn brown-yellow before they fall. This takes approximately three to four weeks [45] and indicates the end of the growing season. In the refoliation period, the new leaves emerge and expand. This is considered the start of the growing season. The changes in canopy density are dramatic and are illustrated in Figure 2. The images were taken one month apart using an unmanned aerial vehicle. At the canopy level, the leaf colour indicates the age or maturity of leaves, and intense defoliation marks the junction between the defoliation and refoliation process. During refoliation, emerging leaves change from a reddish colour to green (Figure 3). Similar phenological stages during rubber leaf development have been previously reported [9]. The whole process of defoliation and refoliation takes approximately six to eight weeks and occurs in the dry season, typically May to September for South Sumatra, Indonesia. Plant metabolism is substantially affected during this period, with latex production decreasing up to 60% from the peak. The phenological stages in the wintering period are strongly influenced by climatic factors [45]. Apart from this period, the tree maintains a full canopy of leaves throughout the year.




2.3. Method Overview


Figure 4 illustrates an overview of the methods used to investigate the influence of climate on rubber phenology. The flowchart is divided into three major sections: (1) phenology; (2) climate; and (3) phenology and climate. Each section describes the flowchart of obtaining the phenological metrics, climate rainfall, and temperature trends, and SOS/EOS models, respectively. The flowchart symbols are defined at the bottom of the chart. Based on the symbols, there are five input datasets used in this study: MODIS MOD09Q1, MODIS MYD09Q1, Sentinel-2, rainfall, and temperature data. The details of each process involved are further explained in the following subsection of this paper.




2.4. Remote Sensing Data


The remote sensing data used in this study are from MODIS and Sentinel-2. The MODIS datasets were the primary dataset, while the Sentinel-2 data were used for validation purposes. The subsection below describes the reasons for the selection of these datasets and the pre-processing and processing steps conducted on the image datasets.



2.4.1. Selection of Base Data and Generation of NDVI


In this study, 10 years (2010–2019) of satellite data from the Moderate Resolution Imaging Spectrometer (MODIS) instrument aboard the Terra and Aqua satellites were used. The MODIS data products used for this study are MOD09Q1 and MYD09Q1. These data were selected as they fulfil two study criteria: (1) they cover a 10-year study period; and (2) they offer high frequency temporal data. These data also deliver a better trade-off between spatial and temporal resolution at 250 m and 1-day revisit intervals compared to other remote sensing data and their availability. In this study, low spatial resolution pixels were appropriate given the size of the rubber plantation and absence of confounding land cover uses. High-frequency temporal data at 1-day intervals were required to capture the relatively small window of the rubber wintering period, as well as to mitigate against the impacts of frequent cloud cover associated with the study region.



Although MODIS offers several other products, they were not suitable for this study due to: (1) low data availability, as at least three clear observations within the composite period are needed to process the BRDF inverted observation [46]; (2) overestimation of clouds, particularly in Southeast Asia [47]; (3) the MOD13 products are at a coarse resolution; and (4) the product shortens the growing season compared to other commonly used vegetation indices (VIs) for deriving phenological metrics [48].



Hence, we utilised the surface reflectance composite products of MOD09Q1 and MYD09Q1. The value in each pixel of these products was selected from all data acquisition during an 8-day period by considering low view angle, high observation coverage, the absence of clouds or cloud shadow, and aerosol loading. The data were corrected for atmospheric conditions such as gasses, aerosols, and Rayleigh scattering. The data offer two bands: red (0.620–0.670 µm) and near infrared (0.841–0.876 µm). To further mitigate against persistent cloud cover, MOD09Q1 and MYD09Q1 data were combined to increase data availability for interpolation and smoothing processes while addressing issues associated with cloud cover. Both data sets showed high compatibility [49,50], and it has been previously shown that they can be used in combination [51].



In total, 920 images of MODIS tile h28v09 were downloaded from the USGS website (https://earthexplorer.usgs.gov/ (accessed on 1 February 2020)). The NDVI time-series data were used to represent the rubber growth cycle. Previously, NDVI values have shown utility in reflecting the greenness and consequently health status of vegetation, and have been recently employed in several phenological studies [34,52]. It is the most commonly applied VI in optical remote sensing observations to estimate key phenological events [6,11,30,53]. The NDVI is sufficiently stable to facilitate comparisons of inter-annual variations of vegetation while reducing noise [48]. In this study, the NDVI [54] values were calculated using Equation (1) where Band 1 is the red band and Band 2 is the near infrared band:


NDVI = (Band 2 − Band 1)/(Band 2 + Band 1).



(1)








2.4.2. Data Pre-Processing


The NDVI datasets underwent several pre-processing steps to prepare data for interpolation and data smoothing before seasonal parameters were identified and extracted. The pre-processing steps involved were pre-projection of the coordinate system, removal of bad data/outlier, cloud masking, rubber area masking, applying scale factor, combining both datasets using the maximum-value composite (MVC) [55] procedure on pixel-by-pixel basis and converting the data to readable file format. The outliers were removed based on pixel reliability information from MODIS. The cloud state information for each image was downloaded and used for cloud masking. The combination of datasets was conducted using the ArcGIS image analysis tool. All other steps were undertaken in RStudio software.




2.4.3. Time Series Data Smoothing


We applied a smoothing method to the NDVI time-series using TIMESAT software (v3.1.1) to model the rubber phenological metrics. This software is a free software package, developed by Lars Eklundh and Per Jonsson, and offers seasonality computation of satellite time-series data while relating the relationship to phenological properties of vegetation [56]. Hird and McDermid [57], after evaluating several freely available software packages offering similar functionality to TIMESAT, concluded that the models used in TIMESAT are highly competitive and able to preserve signal integrity.



Several recent studies employed this approach on various MODIS data products to study the phenology of croplands from several regions including the Yangtze River Delta [58], Sri Lanka [59], California [60], and North America [61]. They have applied one or more of the three smoothing methods in TIMESAT: asymmetric Gaussian (AG), Savitzky-Golay (SG), and Double Logistic (DL) [56]. Smoothing needs to be applied because raw time series data may contain residual noise or spikes caused by disturbance from atmospheric conditions [21], while retaining the seasonal curve [34].



In this study, the AG smoothing method was applied to the NDVI time series. This method was chosen because it is robust and tends to eliminate noise in peak and valley time series. Additionally, it helps reconstruct seasonal patterns when the data are noisy [62]. Tan et al. [63] found AG function to be less sensitive to noise and missing data. The formula for the AG smoothing method used is presented in Equation (2):


g(t;x1.x2.….x5) = {exp exp [−((t − x1)/x2) x3 ] if t > x1 exp exp [−((x1 − t)/x4) x5]

if t < x1,



(2)




where t is time, x1 determines the maximum or minimum position of the independent time variable, x2, x3 determine the width and flatness of the right function half, and x4 and x5 determine the width and flatness of left half.



The seasonal parameter and adaptation strength were set to 1 and 2, respectively. The spike method of median filter was used to reduce noise in satellite time series data. The seasonal parameters were set to 1 because the rubber sheds its leaves once a year.




2.4.4. Derivation of Phenological Metrics


Seasonal phenological metrics from 8-day NDVI MODIS time series were derived on a pixel basis for the study area whenever TIMESAT recognised full seasons. Figure 5 shows an example of two seasons detected from a three-year MODIS NDVI dataset from 2011 to 2013. These metrics define the phenological profiles and enable interpretation of results [23]. They also reveal the relationship between NDVI and the phenology of the rubber, where NDVI values in the study reflect the canopy cover and hence the tree health of the rubber plantation. In this process, model input variables of 460 NDVI values of each pixel were reduced to nine phenological metrics with a maximum of nine seasons identified.



Using these parameters, three important seasonal parameters were identified. These are the start of season (SOS), end of season (EOS), and length of season (LOS). The SOS indicates the beginning of the season, and normally refers to the transition date in which there is a significant increase in NDVI values. EOS indicates the end of the season where there is a significant decrease in NDVI values [29]. LOS is defined by the duration from start (SOS) to end of season (EOS) [64]. In TIMESAT, SOS and EOS dates are determined using thresholds of seasonal amplitude [61]. In this study, SOS and EOS refers to the day of year (DOY) when 20% of the seasonal amplitude was reached from the left (start of season) or right (end of season) of a particular seasonal profile.



We then used the values of SOS, EOS, and LOS to develop boxplots for the purpose of portraying the dynamics of these values during a 10-year time window. The fluctuations that occurred in these seasonal parameters were analysed and related to events that were documented during that particular year so as to understand and predict the causes.




2.4.5. Validation


Previous studies have used either gross primary production (GPP) flux data from FLUXNET [29,65] or Phenocam [66] or both [67] to validate their satellite-derived phenological metrics. Unfortunately, these datasets were not available in the study area as there is no flux tower station or Phenocam in Indonesia. The nearest flux tower station is in Malaysia, some 660 km away from our study area. Therefore, the validation of satellite-based phenological metrics in this study cannot be made with phenological metrics derived from ground data. While most remote sensing studies have used higher spatial resolution images for accuracy or validation purposes, fewer studies used them to validate phenological metrics. Two recent studies have compared phenological parameters derived from higher spatial resolution satellite data [68,69].



We validated the NDVI model using high spatial resolution data. Initially, data from three satellites (Sentinel, Landsat, and Planet), which offer better spatial resolution than MODIS, were selected for this purpose. After the pre-processing steps, only the Sentinel-2 had sufficient data for further processing in TIMESAT. Planet data shows the lowest percentage in terms of data availability and area coverage in the study area, while Landsat only offers a few images during the wintering period and is prone to the impacts of cloud cover.



Therefore, the Sentinel-2 data (Sentinel-2A and Sentinel-2B) were chosen to validate the MODIS NDVI phenology model in this study. These data provide 10 m spatial resolution with 5-day temporal resolutions. Three years of data between 2017 and 2019 were used for validation because Sentinel-2B was launched in early 2017. Data were downloaded from USGS Earth Explorer platform. It is a level 1C processing product and is geometrically refined. The pixels in this product provide Top-Of-Atmosphere (TOA) reflectance. We first applied atmospheric corrections before removing the clouds and resampled it to 250 m. During the analysis in TIMESAT, a similar process of time-series data smoothing and setting was applied. Although three full-year data were used, only two complete growing seasons were detected and used for comparison. This is because the rubber season in the study area started and ended around middle of the year, and TIMESAT is programmed to only extract the phenological metrics of a complete growing season.





2.5. Climate Data


Rainfall and temperature data from 2010 to 2019 were used in this study. Hourly temperature and rainfall were retrieved from the weather station located within the study area at 2°55′38.2″S and 104°32′20.0″E. We processed and calculated the average daily temperature and cumulative rainfall for all years. The average temperatures were computed for daily, monthly, and yearly periods from the maximum and minimum temperatures recorded. The same process was conducted on rainfall data, only that rainfall data were represented by an accumulation of the rainfall recorded. The monthly average temperature and rainfall accumulation was used for the climatic data test.



For the mixed model analysis, we used an average daily temperature and rainfall accumulation data based on 90-day preseason period, prior to SOS and EOS start date. This period represents the critical climatic window for phenology and was selected in reference to studies conducted by Ren et al. [11] and Cho et al. [20].




2.6. Data Analysis and Statistical Methods


We first computed the spatial distribution of mean SOS/EOS/LOS for the period 2010 to 2019. The variations in SOS/EOS dates at the pixel level were analysed to identify the underlying causes. Then, we presented the inter-annual SOS, EOS, and LOS dates extracted from TIMESAT software for nine growing seasons using the boxplot. Each boxplot displays the first quartile, median, and third quartile of the yearly phenological metrics. In addition, the overall mean of 10-year SOS, EOS, and LOS was also calculated and shown in the representative boxplots. The advance and delay in SOS/EOS dates were assessed and correlated to the events occurring during those particular times using climate data. Any extreme weather and climate events during the 10-year period were also noted. We computed the mean, median, standard deviations, and dispersion index for each phenological metric to evaluate the degree of fluctuation or dispersion in the dataset. The accuracy of the MODIS-based SOS/EOS/LOS were evaluated and validated against the Sentinel-based SOS/EOS/LOS for two growing seasons (2017/18 and 2018/19). Comparisons were made using one-way analysis of variance (ANOVA).



The Mann-Kendall test was applied to evaluate the significance of climatic trend data. It is the most widely used test in the field of meteorology because of its suitability for abnormal distribution data [70]. This test also offers better results for time-series data compared with straight linear functions. Ten years of monthly climatic data for total rainfall and average monthly temperatures were used for this purpose. This test reveals the presence or absence of upward or downward monotonic trends in the total rainfall/average temperature time series data. The results were evaluated based on the p-value and Tau values. The magnitude of the increase or decrease in the climate trend was evaluated using Sen’s slope test. Pettitt’s test for single change point detection was conducted when there was a monotonic trend in the data.



Finally, using selected pre-SOS/EOS climate data and the SOS/EOS of each growing season, we fitted linear mixed models with the SOS/EOS as the outcome, rainfall and/or temperature as predictor variables, and pixel as random effect. The random effects included in the models account for the correlation among multiple observations from each pixel as well as the heterogeneity in the SOS/EOS values across pixels. These models were developed to evaluate the SOS/EOS sensitivity to rainfall and/or temperature. We conducted Akaike information criterion (AIC) comparisons to discriminate between mixed model random effect structures, i.e., random intercept vs. random intercept and slope models. The models with the lowest AIC values and that met the assumptions of homogeneity of variance, normality of error, and linearity [71] were chosen for SOS and EOS. All statistical computations were performed in the statistical package R version 3.6.2. [72]. The R packages used for the analysis were raster [73], rgdal [74], sp [75], tidyverse [76], trend [77] and lme4 [78].





3. Results


In this section, we present and interpret the results of rubber phenological metrics, climate trend, and mixed model analysis.



3.1. Phenological Characterisations


The spatial distributions of the phenological metrics SOS, EOS, and LOS over the study area were summarised from 2010 to 2019 based on the MODIS data used (Figure 6). The pixels represent the mean SOS/EOS/LOS for all nine seasons. The SOS date ranged widely from DOY 150 (end of May) to DOY 270 (end of September). The EOS date ranged from DOY 120 (end of April) to DOY 240 (end of August). The LOS value over the region ranged from 270 days to 365 days. Compared to LOS, SOS, and EOS dates had a more considerable variation. In general, there were quite similar spatial patterns between SOS and EOS throughout the study area. Earlier SOS date pixels have earlier EOS and vice versa for later dates pixels. This indicates that certain parts of the study area start to refoliate and defoliate earlier than others, a finding consistent with multiclonal planting.



The inter-annual variations of SOS and EOS for the study area during 2010 to 2019 are presented in Figure 7. In this figure, there were nine boxplots plotted for each phenological metric, indicating growing seasons from 2010/11 to 2018/19. There is no boxplot for growing season 2019/20 as the full cycle of this growing season was not complete. From the boxplots results, the overall mean of SOS and EOS was observed at DOY 230 and 185. Meanwhile the overall mean of LOS was found to be 318 days. Large differences in SOS (Figure 7a) and EOS (Figure 7b) boxplots are seen between years which may be expected to be driven by environmental factors. However, the LOS boxplot (Figure 7c) has all median lines overlapping with relatively small differences, indicating that LOS does not vary significantly between years and almost all parts of the study area experience a similar number of days per season.



Late SOS was observed in growing season 2014/15 and 2015/16, while early SOS was seen in 2016/17 and 2018/19. Noticeably late EOS was observed in 2011/12 and 2014/15, whereas early EOS was seen for three consecutive years from 2015/16 to 2017/18. Information from the literature and plantation information was gathered to identify the likely causes of these incidents.



We calculated the overall mean, standard deviation, variance, and dispersion index for the SOS/EOS/LOS data of each growing season (Table 1). The low standard deviation and variance values indicate minimal fluctuation in the LOS data. Unlike SOS and EOS, the LOS dispersion index was almost 0, making it a constant random variable. Due to this, further analyses were only conducted with the phenological metrics of SOS and EOS. On the other hand, SOS and EOS datasets have high standard deviation and variance values. However, both are still under-dispersed with dispersion index values less than 1.



Validation of MODIS Phenological Data


The SOS and EOS determined using remote sensing were aligned with observed conditions on the ground. Rubber experts from the study area verified that the SOS and EOS dates detected from each season were within the expected range. In order to verify the accuracy of the SOS, EOS, and LOS data extracted from MODIS NDVI data, the same methodology was applied to Sentinel-2 NDVI data from 2017 to 2019. The SOS, EOS, and LOS average value of seasons 2017/18 and 2018/19, from both datasets, were then compared. The results based on the average value of all pixels are presented in Table 2.



The difference in SOS and EOS generated from both the satellites were less than ten days for both growing seasons and were not statistically significant following one-way ANOVA (p = 0.967). This indicates that the phenological metrics generated from MODIS data are comparable to the those extracted from Sentinel-2 data.





3.2. Climate Data Trend


We used the Mann–Kendall test and Sen’s slope estimator for detecting monotonic trends in rainfall and temperature. The total monthly rainfall and average monthly temperature data from 2010 to 2019 were used for this purpose. The data, including trend lines, were plotted in Figure 8. The trend line used for both plots in this figure is a Loess regression line, commonly used for smoothing a volatile time-series such as climate data.



From the Mann-Kendall test result, a statistically significant p-value (p < 0.05) was found for both climate data, indicating the presence of monotonic trend. The Tau values for rainfall and temperature are −0.162 and 0.387, respectively. The positive Tau value denotes an upward trend, while the negative value indicates a downward trend. These values showed that the study area experienced a decrease in monthly rainfall and an increase in monthly mean temperature over the study period. The Sen’s slope results confirmed the Tau values by giving an estimate of a total monthly rainfall data decrease of 0.93 mm and average monthly temperature increase of 0.008 °C, per month. The single change-point in a monthly rainfall and temperature series based on the Pettitt’s test was identified in December 2013 and June 2014, respectively.




3.3. Relative Influence of Rainfall and Temperature on SOS/EOS


We investigated the relationship between SOS/EOS and pre-SOS/pre-EOS rainfall and temperature by developing the linear mixed models to evaluate the SOS/EOS response. The AIC values recorded for all competing model structures for SOS and EOS ranged from 6313.0 to 6382.2 and from 5436.1 to 5462.4, respectively. Based on AIC comparison of competing model structures, the random intercept mixed models of SOS and EOS with temperature as the sole significant predictor were identified to have the lowest value. This shows that temperature regulates the start and end of the rubber growing season. Table 3 shows the resulting model equations for SOS and EOS. The linear mixed model revealed a decreasing trend of SOS/EOS with an increase in temperature (Figure 9).



The results suggest that the random effect of pixel plays a role in influencing both SOS and EOS. All pixels in Figure 9 consistently showed a decreasing trend in SOS/EOS. This indicates that although there is rubber multiclonal planting, all clones in the study area respond similarly to temperature. In general, the level of SOS/EOS response to pre-SOS/EOS temperature were calculated to be −25.26 days/°C and −13.78 days/°C, respectively. These negative coefficients indicate that an increase in temperature advances the SOS/EOS dates, and vice versa.





4. Discussion


4.1. Phenological Metrics of SOS, EOS, and LOS


The main aim of this study was to evaluate the influence of rainfall and average temperature on rubber phenological metrics. We first extracted three important phenological metrics, SOS, EOS, and LOS, from the MODIS NDVI data. We computed the overall mean of SOS, EOS, and LOS for the study area on a pixel basis from these data. Both the SOS (DOY 150–270) and EOS (DOY 120–240) range falls within the normal range of wintering dates in South Sumatra, within the dry season. This indicates that the SOS and EOS are representative of defoliation and refoliation periods in the study area. The rubber defoliation and refoliation process occur during the dry season [79]. The spatial distribution map of mean SOS and EOS varies from pixel to pixel. This can be due to two reasons: (1) uneven distribution of mature plantations or trees age [80]; and (2) different rubber clones planted [81]. The year 2010 was chosen as the start of study duration because it is the year when most trees reached maturity in the study area. The plantations are said to reach maturity when 80% of total trees have a circumference over 45 cm [82] which means there is still a mixture of mature and immature trees on the ground. Additionally, immature trees are unlikely to experience wintering. This will alter the SOS/EOS dates to some extent. On the other hand, some clones are more sensitive to meteorological factors, which can impact the wintering period. For example, while comparing five rubber clones, Liyanage et al. [5] found that RRIM 600 and GT1 defoliated and refoliated one to two weeks earlier than clones Yunyan 277-5, Yunyan 34-4, and PR 107. These two clones also have shorter wintering periods compared to the other three clones. It is a common practice in rubber plantations to plant different clones and stagger the planting time [83]. This can explain the inter-variability illustrated in Figure 6.



We observed substantial fluctuations in SOS and EOS in specific years during the study period. Similar findings were reported by Zhai et al. [9]. Their study focused on the refoliation period from 2003 to 2011 using ground data. They found that the year 2005, 2009, and 2010 showed an early start of refoliation with rapid development, while 2008 also had an early start but slow growth. The other years (2003, 2004, 2006, 2007, and 2011) displayed a late onset of refoliation with rapid development. The fluctuations in SOS and EOS were also noticed in other croplands, such as in the salt marsh ecosystem. Shuvankar et al. [21] observed a delay in SOS for 2000, 2010, and 2013. They concluded that this could possibly be due to dieback, late spring, and hurricane Isaac. The salt marshes of southeast Los Angeles also experienced advances in EOS for 2005 and 2008, where storms were identified to have played a contributing role. The advancement and delay in both phenological metrics likely reflect environmental climatic anomalies or extreme weather events.



In our study, the SOS was found to have been delayed in 2014/15 and 2015/16. This could be attributed to the reduction in rainfall seen in both years based on the recorded climatic data. The 90-day pre-SOS rainfall accumulation recorded for these two periods was almost half of the 10-year average (see 90-day pre-SOS rainfall plot in Figure A1 in the Appendix A). In 2016/17 and 2018/19, there was an advancement in the SOS dates. It was most notable in 2016/17, where the SOS occurred almost 30 days earlier than the mean SOS date. This can possibly be due to high rainfall and temperature, as the rainfall accumulation recorded in this season was nearly double the average 90-day period before the SOS date (see 90-day preSOS rainfall plot in Figure A1 in the Appendix A). In studying vegetation phenology in Southeast Asia, Suepa et al. [84] concluded that rainfall could be the most dominant factor influencing phenological changes in this region, particularly on rainfed cropland. A study conducted on rubber trees has reported that high rainfall during the refoliation period delayed the entire leaf ageing process [9]. Meanwhile, the recorded temperature was the highest amongst all the seasons (see 90-day pre-SOS temperature plot in Figure A1 in the Appendix A). Zhai et al. [9] found that temperature was a significant climatic variable that influenced rubber phenology. The advancement in 2018/19 is thought to be associated with a rubber leaf disease outbreak, whose cause is under investigation. This outbreak in South Sumatra is reported to have begun in late 2017 [85]. The disease was evident until the present (2021), with high and low levels of severity. The year 2018 recorded high levels of disease severity and could thus have caused premature SOS. The NDVI plots of the growing season during the disease outbreak showed a drop in the value (see NDVI plot for 2018/19 and 2017/18 in Figure A2 in the Appendix A).



There were noticeable delays in EOS in 2011/12 and 2014/15. Based on the 90-day of pre-EOS, these two periods had high rainfall accumulation (see 90-day preEOS rainfall plot in Figure A1 in the Appendix A), causing wet conditions and fewer sunshine hours. Rubber is known to respond to sunlight duration, and reduced sunlight hours leads to a delay in the phenophase [5]. The advance in EOS can be seen in three consecutive years from 2015/16 to 2017/18. These advances can also be linked to the disease outbreak, which is believed to shorten the EOS period. Previous studies have also reported that fluctuations in phenological metrics can be caused by non-ecological factors such as oil spills [21] and soil moisture [64]. The EOS advance in 2017/18 could also be due to low rainfall accumulation during the dry season. A more pronounced dry season will shorten the defoliation period [81]. The standard deviation, variance, and dispersion index values have shown some fluctuation in SOS and EOS datasets. Meanwhile, there is no fluctuation seen in LOS. Generally, the rubber season in the study area commences around mid-August (DOY 230) and ends around early-July (DOY 183) in the following year. Each season spans an average of 318 days. This implies that rubber trees in the study area remain leafless for approximately 47 days (between 6 and 7 weeks). A defoliation period normally takes 2 to 3 weeks before new shoots emerge [86,87], whereas the refoliation period takes approximately 4 to 5 weeks [9]. In general, defoliation (EOS) and refoliation (SOS) is a sequential process that is typically one to two months apart [88].



Phenological Validation


The MODIS derived SOS, EOS, and LOS were validated with SOS, EOS, and LOS extracted from Sentinel NDVI data using the growing seasons of 2017/18 and 2018/19. ANOVA results confirmed a good agreement between phenological metrics derived from MODIS NDVI and Sentinel-2 NDVI. This is an indication that the MODIS derived phenological metrics are a reliable representation of rubber phenological events in the study area. Early SOS was seen in Sentinel-2 data for 2018/19 compared to MODIS. This was expected, as two studies have demonstrated that SOS for coarser-resolution image dataset is highly correlated to an early SOS identified in the fine-resolution image dataset [89,90]. The NDVI from these satellites indicated a similar pattern, with Sentinel-2 being more sensitive in capturing rubber canopy changes (see Figure A3 in the Appendix A). The study conducted by Yan Cheng et al. [68] has shown that fine-resolution data are better at retrieving phenological patterns, however due to limited data, we have used MODIS for the purpose of this study.



The existence of minor discrepancies in the two datasets can be explained by missing data due to the cloud presence and different pixel data representation, even though the same configuration was set in TIMESAT. Both datasets have different cloud cover percentages, and the data pixels in MODIS represents the combined maximum of the best 8-day observations, while Sentinel-2 data represents daily data taken on a particular date. Another factor influencing differences in the two datasets is the difference in the yearly image numbers of each data used in TIMESAT. There are 46 (at 8-day interval) and 36 (at 10-day interval) images per year used for MODIS and Sentinel-2, respectively. These three factors affect the smoothing process and the calculation of phenological metrics extracted in TIMESAT. In addition to this, non-vegetational effects such as soil-wetness [91], viewing geometry, and illumination conditions [92,93], and distorted signal under overcast conditions [94] may alter the received phenological signal and thus contribute to the observed data discrepancy.





4.2. Trend and Changes in Rainfall and Temperature


We tested the 10-year monthly rainfall and temperature data to investigate whether there is a trend in the time series data. The test proved that changes in rainfall and temperature have occurred during this period, but it is not known how this relates to periods further back in time. A significant shift in the central tendency of the rainfall and climate time series data were observed in December 2013 and June 2014, respectively. This is in line with the inter-annual variation data, where changes after these dates were seen to be notable compared to the period prior to that.




4.3. SOS/EOS Response to Rainfall and Temperature


Previous studies, such as Ren et al. [11], have used the regression coefficient from multiple linear regression between seasonal parameters and climatic variables to explain the relative influence of rainfall and temperature on the variability of SOS/EOS. In this study, we used the linear mixed model to analyse SOS/EOS response to rainfall and temperature. The mixed model has the advantage of producing estimates of both random and fixed effects, which allowed us to investigate the effects of climate factors while accounting for inter-pixel heterogeneity. Furthermore, it is not hindered by missing data [95]. The best-supported models demonstrate that temperature is a significant predictor of rubber phenology, being negatively related to SOS/EOS.



Despite the heterogeneity of the SOS/EOS values in the study area, a decreasing trend with an increasing temperature was identified across all pixels. This trend indicates an increase of 1 °C of temperature advanced the SOS/EOS by approximately 25 days and 14 days, respectively. Temperature is one of the main factors that affect the rate of plant development [96,97]. Higher temperatures accelerate phenological progression [98]. It can be explained by the fact that the temperature changes affect most biochemical processes of ectotherms, such as reaction kinetics, enzyme inactivation, and hormonal regulation [97]. This has been demonstrated by this study where SOS and EOS were seen to occur earlier with warmer temperatures.



In this study, the temperature was found to be a key factor in rubber phenology. However, when comparing the results to several crops and regions, the determinant factor of phenology varies considerably. Table 4 shows a comparison of the findings from other related studies. For example, two of the previous studies [99,100] conducted on forests found rainfall to be an influential factor in forest phenology, while another [101] showed both rainfall and temperature to be important factors.



The studies of phenology in Alpine regions [33,102], African savanna [104], European and South Korean vegetation [92,97] have similar findings to this study. More importantly, our result also agrees with previous studies carried out on rubber plantations. Two ground studies also discovered temperature as a critical driver of rubber phenology, either as the only factor [9] or with sunshine hour [5]. Priyadarshan [42] stated that both rainfall and temperature are important climatic factors for rubber phenology. However, he also mentioned that temperature was the most influential factor, particularly in rubber refoliation. The temperature is not only an important key indicator for rubber phenology but also for rubber yield. In their study, Ali et al. [106] discovered temperature to be the only significant predictor for rubber yield compared to other climatic parameters such as rainfall, relative humidity, and vapour pressure deficit.





5. Conclusions


Overall, this study demonstrates the ability to use remote sensing data to facilitate understanding of rubber phenology over a decade. The finding is strongly supported by several previous studies, including the one performed using ground data. The results also indicate that appropriate selection of data, good data fusion and proper phenological metrics extraction technique can provide enough information on phenological studies. These also minimise the adverse effects of missing data due to persistent clouds, which are common in rubber-producing countries. Combining MODIS Terra and Aqua at 250 m spatial resolution has enabled adequate data acquisition for phenological analysis. Although some fluctuations and inter-annual variability exist, these were caused by variability in rubber tree age and clones. Most SOS and EOS were within relevant timeframes, between July and August. Analysis of the results indicates that there was a significant downward trend detected in the rainfall data and a significant upward trend detected for temperature data. The mixed model analysis showed that temperature was the main factor in modulating rubber phenology.



In addition, this is the first study to demonstrate the use of multi-series remote sensing data to monitor rubber phenology. Although the study used moderate spatial resolution, it was shown to capture the annual dynamic growth of rubber plantations due to the large and homogenous planting area. This study provides a deeper understanding of how climate modulates rubber phenological metrics. Simultaneously, this information and insight are vital to developing effective control measures for rubber diseases, as well as for predicting rubber yields.
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Figure A1. 90-day pre-season data for: (a) preSOS rainfall; (b) preSOS temperature; (c) preEOS rainfall; and (d) preSOS temperature. 
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Figure A2. The NDVI trend line for all growing seasons from MODIS data. 
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Figure A3. Comparison of NDVI trend line for growing seasons 2017/18 and 2018/19 for MODIS and Sentinel-2. 
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Figure 1. Map of (a) Indonesia, (b) Sumatra, and (c) location of study area. 
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Figure 2. Phenological stages of defoliation and foliation period for rubber wintering at canopy-level. The pictures show the top view of the canopy taken from June to October using a drone at a fixed location in the study area. 
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Figure 3. Six phenological stages in the rubber refoliation period seen at leaf-level in the study area. The stages cover a period of a month from bud development to leaf ageing. 
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Figure 4. The summary flowchart of the overall processes performed in this study are divided into three sections: (a) phenology; (b) climate; (c) phenology and climate. 
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Figure 5. Three important seasonal parameters: (a) start of season; (b) end of season; and (c) length of season; were extracted using TIMESAT after smoothing MODIS NDVI data. The red dashed boxes indicate the rubber wintering period (defoliation and refoliation). The blue dotted points represent the NDVI value. The blue lines connect adjacent data points only when data are available, and the black curve line represents the smoothing curve. 
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Figure 6. The spatial distribution of the mean for: (a) SOS; (b) EOS; and (c) LOS over a 10-year period (2010 to 2019) which represent a total of nine growing seasons. The colour scales indicate the DOY. 
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Figure 7. Inter-annual variations of: (a) SOS; (b) EOS; and (c) LOS for the corresponding years as observed with MODIS 8-day NDVI. The red dashed lines indicate the mean of SOS (DOY 230), EOS (DOY 183), and LOS (318 days). Each central rectangle spans from the first quartile to the third quartile. The whiskers above and below the box show the maximum and minimum values. The thick black lines inside the rectangle represent the median, and the dots are the outliers. 
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Figure 8. Ten-year monthly climatic data: (a) total monthly rainfall; and (b) average monthly temperature. The blue line is a trend line of Loess regression. 
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Figure 9. Linear mixed models of (a) SOS and (b) EOS. Linear mixed models of (a) SOS and (b) EOS. The grey lines represent best linear unbiased predictors (BLUPs) of individual pixels. The length of each line varies depending on the availability of data for each pixel across years of the study period. The thick black line shows the mean fixed effect. 
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Table 1. The inter-annual mean range, overall mean, standard deviation, variance, and dispersion index of the three phenological metrics.
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	Phenological Metrics
	Inter-Annual Mean Range
	Overall Mean
	Standard Deviation
	Variance
	Dispersion Index





	SOS
	201–245
	230
	13.1
	174.6
	0.76



	EOS
	169–201
	183
	12.9
	164.9
	0.90



	LOS
	311–328
	318
	4.9
	23.2
	0.07
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Table 2. Comparison of SOS, EOS, and LOS (in day of year) for growing seasons 8 and 9.
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Phenological Metrics

	
Growing Season 8 (2017/18)

	
Growing Season 9 (2018/19)




	
MODIS

	
Sentinel

	
Differences in DOY

	
MODIS

	
Sentinel

	
Differences in DOY






	
SOS

	
226

	
234

	
8

	
212

	
207

	
5




	
EOS

	
170

	
169

	
1

	
192

	
188

	
4




	
LOS

	
309

	
300

	
9

	
345

	
346

	
1
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Table 3. Multiple linear regression parameters for SOS and EOS models.
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	Phenological

Model
	Intercept

Value
	Temperature

Coefficient
	p-Value





	SOS
	925.21
	−25.26
	<0.001



	EOS
	562.59
	−13.78
	<0.001
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Table 4. Climatic factors that influence the phenological development of several crops and regions in previous studies.
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	Important Climatic Factor for:
	Rainfall
	Temperature
	Rainfall and Temperature
	Temperature and Sunshine Hour





	Rubber
	
	[9], This study *
	[42]
	[5]



	Forest
	[99,100]
	
	[101] *
	



	Alpine region
	
	[33] *, [102]
	
	



	Others
	Vegetation across Southeast Asia [84] *

Vegetation across Africa [103] *
	Savanna in Africa [104] *

Vegetation in Europe [92] *

Vegetation in South Korea [97]
	Grassland in China [105] *

Vegetation across Ethiopia [6]*
	







* study utilising remote sensing data.
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