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Abstract: The ability to accurately and systematically monitor avocado crop phenology offers signifi-
cant benefits for the optimization of farm management activities, improvement of crop productivity,
yield estimation, and evaluation crops’ resilience to extreme weather conditions and future climate
change. In this study, Sentinel-2-derived enhanced vegetation indices (EVIs) from 2017 to 2021 were
used to retrieve canopy reflectance information that coincided with crop phenological stages, such
as flowering (F), vegetative growth (V), fruit maturity (M), and harvest (H), in commercial avocado
orchards in Bundaberg, Queensland and Renmark, South Australia. Tukey’s honestly significant
difference (Tukey-HSD) test after one-way analysis of variance (ANOVA) with EVI metrics (EVInean
and EVIgjope) showed statistically significant differences between the four phenological stages. From
a Pearson correlation analysis, a distinctive seasonal trend of EVIs was observed (R = 0.68 to 0.95 for
Bundaberg and R = 0.8 to 0.96 for Renmark) in all 5 years, with the peak EVIs being observed at the
M stage and the trough being observed at the F stage. However, a Tukey-HSD test showed significant
variability in mean EVI values between seasons for both the Bundaberg and Renmark farms. The
variability of the mean EVIs between the two farms was also evident with a p-value < 0.001. This
novel study highlights the applicability of remote sensing for the monitoring of avocado phenological
stages retrospectively and near-real time. This information not only supports the ‘benchmarking’ of
seasonal orchard performance to identify potential impacts of seasonal weather variation and pest
and disease incursions, but when seasonal growth profiles are aligned with the corresponding annual
production, it can also be used to develop phenology-based yield prediction models.
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1. Introduction

Avocado (Persea Americana) is the third most important fruit crop grown in Australia,
after apples and mandarins, with production of 78,085 tonnes in the 2020/2021 season,
which is worth around AUD 563 million at the farm gate [1]. Avocado production in
Australia covers a wide geographic distribution, ranging from latitudes 17°S to 34°S,
with varied climatic and soil conditions [2]. Key growing areas include north, central and
southeast Queensland, northern and central New South Wales, the Sunraysia or Tristate area
(South Australia, Victoria, and south-western New South Wales), and Western Australia.
The most common and predominant variety in Australia is “‘Hass’, which usually has two
major vegetative flushes and one flowering flush per year [3]. However, due to the diversity
of climates and soils, the timing, frequency, and length of phenological stages (vegetative
and reproductive growth patterns) vary between regions.

Monitoring the phenological stages of avocado crops—bud break, leaf flushing, flow-
ering, and fruit development—is an important tool for farm management practices (i.e.,
irrigation and application of fertilizers and pesticides), yield prediction, harvest logistics,
and marketing strategies, as well as for the identification of seasonal variations associated
with pests, diseases, and climate change [4]. Moreover, determining the relative patterns of
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vegetative and reproductive growth and carbohydrate accumulation and utilization (sink—
source) can help growers better predict low- and high-yielding seasons within an alternate
bearing system [5,6]. This information offers a significant benefit to the industry, as it
supports better decision making around crop load, harvesting logistics, labor requirements,
and forward selling. In addition, information on avocado crop phenology helps to regulate
nutrient supply according to root growth and to control Phytophthora cinnamomi [4,7], one
of the major diseases of avocado worldwide.

According to the BBCH scale (Biologische Bundesanstalt, Bundessortenamt and
Chemische Industrie), avocado phenology has been classified into four main stages: flower-
ing (F), vegetative flush (V), fruit maturity (M), and harvest (H) [8,9]. The duration of each
growth stage depends on a number of factors, such as weather conditions, variety, location,
tree age, and crop management [10]. The growth of avocado crops is generally monopo-
dial; the floral shoots produce both determinate and indeterminate inflorescence, where
the determinate ends in a flower and the indeterminate ends in a vegetative bud [11,12].
In general, the ‘Hass” avocado shows two vegetative flushes in Australia, one in spring
(August-November) and another in summer (December-May), with short periods of
rest [3,13]. However, due to seasonal variations in different regions, vegetative flushes
vary by 4 to 6 weeks [14]. The spring vegetative flush is superimposed on the reproductive
events of flower initiation, bud breaks, and flowering [4]. The overlap between the vegeta-
tive and reproductive growth stages during this period stimulates intense competition for
nutrients and water, and it was identified as a major constraint on avocado yield potential
in a number of previous studies [11,15-17]. During the F stage, a large, heavily flowering
tree may have over one million flowers, and a high percentage of those are likely to be
abnormal or sterile [18]. Although a high number of fruitlets may set under favorable
conditions, a subsequent heavy fruitlet abscission of around 99% is a normal occurrence for
avocado crops due to internal factors (i.e., alternate bearing) and external factors (i.e., wind
speed, low temperature, and relative humidity) [18,19]. Avocado fruit development takes
six to more than 12 months depending on the variety and growing conditions [12]. The
fruit development of avocado shows a sigmoidal curve when measured by increase in mass
or volume, although a slow growth in winter and resumption in spring have been observed
in cool climates [20]. The avocado fruit development continues, albeit at a slower rate, as
long as the fruit is not harvested from the tree due to the ripening inhibitor produced by
the tree leaves [21]. The M stage of avocado is determined mostly by the avocado skin
color, which changes from bright green to dark green or brown due to the degradation of
chlorophyll and the high concentration of carotenoids and anthocyanins [22].

Traditionally, in-season field surveys are a common approach to investigating the
phenology of avocado crops. However, visual assessments of both spatial (across orchard)
and temporal (across time) variations in tree growth stages are subjective, labor intensive,
and impractical over large geographical regions [23]. Recent advances in remote sensing
platforms and sensors have resulted in more commercially available data that offer higher
spatial, spectral, temporal, and radiometric resolution. These data can provide the basis for
monitoring a crop’s phenological progress over space and time [24].

Numerous studies have shown the potential of monitoring crop phenology by associ-
ating optical scattering mechanisms of vegetation canopies, which are measured through
satellite-based time-series analysis [25-30]. However, there is no prior research published
on monitoring avocado crop phenology by using satellite remote sensing. When using
satellite data to monitor crop phenological stages, there is always a trade-off between
spatial and temporal resolutions [31]. Until now, most phenological detection methods
using remote sensing technology have been focused on the state or global scale with coarse-
spatial-resolution images due to the frequent revisiting of such imagery. Data sources
include images from the Moderate-Resolution Imaging Spectro-Radiometer (MODIS) (spa-
tial resolution of 250 to 1000 m, with a revisit in 1 to 2 days) [25,26,32] and the NOAA
Advanced Very-High-Resolution Radiometer (AVHRR) (spatial resolution of 1.1 km, with a
revisit time twice per day) [33,34]. However, they are not suitable for phenology mapping
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at the farm or regional level because of the inability to differentiate pixels associated with
commercial orchards as opposed to other land classes [30,32]. With the rapid development
of medium- and high-spatial-resolution satellites, such as Landsat (30 m) and Sentinel
2 (10, 20, and 60 m), imagery has been increasingly used to monitor crop phenology at
the block or farm scale [10,35]. However, the low temporal resolution of Landsat images
(16 days) and the frequent clouds and cloud shadows make it challenging to derive con-
tinuous time-series reflectance signatures. The new-generation multispectral Sentinel 2
(52) satellite constellations (Sentinel 2A and Sentinel 2B) launched by the European Space
Agency (ESA) have provided high spatial resolution (10 m pixel size for the blue, green,
red, and near-infrared bands) and temporal resolution (2-5 day revisit time) since 2016,
which are suitable for monitoring crops at fine scales [35-37].

Several software tools, such as PhenoSat [38], QPhenoMetrics [39], TimeSat [40], Spir-
its [41], etc., have been developed by using satellite time-series data to monitor dynamic
land surface processes. However, they were developed mainly for the mapping of phe-
nology and phenological variations, ecological disturbances, vegetation classification and
characterization, agricultural applications, climate applications, and the improvement
of remote sensing signal quality, but not specifically to retrieve the phenological stages
of different crops to support crop management decisions or to develop yield prediction
models. Moreover, such software was developed using the MODIS and AVHRR satellite
sensors for implementation on large regional, country, or global scales, and it is not suitable
for the block or farm level.

A number of studies have shown the potential of satellite-derived vegetation indices
(VIs) for retrieving the phenological growth stages of crops [10,25,42,43]. These VIs have
been developed as the spectral transformations of two or more wave bands and are related
to various crop biophysical and biochemical characteristics [44]. There is a range of VIs that
have been developed to understand the phenological growth of crops, depending on the
crop type, crop conditions, and management. However, for fruit tree crops, phenological
studies remain scarce, and very few VIs, such as the Normalized Difference Vegetation Index
(NDVI), Enhanced Vegetation Index (EVI), Green Normalized Difference Vegetation Index
(GNDVI), and Soil-Adjusted Vegetation Index (SAVI), have been investigated [10]. Sawant,
Chakraborty, Suradhaniwar, Adinarayana, and Durbha [38] used Landsat-derived NDVI
time-series data to understand citrus crop phenological stages in India. While monitoring
grapevine phenological stages in Portugal, Fraga et al. [45] reported the usefulness of the
EVI over the NDVI because of its empirically derived correction factors that account for
canopy background and atmospheric effects and its enhanced sensitivity to high biomass.
Bai et al. [46] used the NDVI, SAVI, Normalized Difference Water Index (NDWI), and EVI to
monitor the phenology of jujube trees (Ziziphus jujube). Similarly, Torgbor, Rahman, Robson,
Brinkhoff, and Khan [10] reported that among the NDVI, GNDVI, EVI, and SAV], the EVI
was the best VI at differentiating the phenological stages of mango in Ghana. Other studies
reported that the EVI had a greater dynamic range than that of the NDVI and, therefore,
was more suitable for capturing dynamic crop phenology without saturation [47,48].

Time-series VI data derived from satellite sensors typically contain noise induced by
cloud and cloud shadow contamination, as well as atmospheric attenuation [49]. Therefore,
noise reduction or model fitting is an essential step for the determination of phenological
stages. The utilization of smoothing algorithms is an effective method for noise reduction
and the generation of high-quality VI time-series data [32]. Previous studies suggested
that the Savitzky—Golay (SG) filter is a robust algorithm for reducing noise in VI time-
series data [49-51]. Meng et al. [52] studied wheat crop phenology monitoring by using
time-series MERIS (Medium-Resolution Imaging Spectrometer Instrument) data with SG
filtering and reported that high precision could be achieved when specifying the key
phenological stages. Shihua, Jingtao, Ping, Jing, Hongshu, and Jingxian [30] smoothed
time-series MODIS EVI data using SG to detect the phenological stages of double-cropping
rice in Jiangxi Province, China.
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Although VIs provide a measure of seasonal variations in greenness, which is related to
crop vigor and leaf area, and they have been applied for the retrieval of phenological stages
of a number of annual and perennial crops over more than three decades, they have not yet
been applied for the understanding of the growth patterns of avocado crops and how they
change under different weather conditions. Determining the exact phenophases of avocado
crops with respect to VIs can provide valuable information that could greatly enhance a
grower’s ability to plan management practices in relation to the events occurring within
the trees. Moreover, knowledge of the times of different phenological stages of avocado
crops by using time-series VIs will allow for the application of irrigation, fertilization, and
other cultural practices at optimal times without any physical interventions. Therefore, the
aim of this study is:

(1) toinvestigate the potential of S2 EVI time-series data for deriving the seasonal growth
profiles of ‘Hass’ avocado crops and for identifying the extent of seasonal variations
within the study period (2017-2021);

(2) toassociate the seasonal growth profiles with four key phenological stages (i.e., F, V,
M, and H) in order to determine the timing of avocado phenophases;

(38) by undertaking research on orchards grown in Bundaberg, Queensland and Renmark,
South Australia, to compare the influence of the growing location on the EVI time-
series profiles and key phenological stages.

2. Materials and Methods
2.1. Study Area

The study was conducted in 4 avocado blocks in Bundaberg, Central Queensland
(25°8/29"’S, 152°21’43"E) and 3 avocado blocks in Renmark, South Australia (34°8'35"'S,
140°40'14"E) (Figure 1).

0 0.15 03

Avocado Study Area e Kot

— Bundaberg Avocado Blocks

D Renmark Avocado Blocks

Figure 1. Locations of the four avocado blocks in Bundaberg, Queensland and the three avocado
blocks in Renmark, South Australia.
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The Bundaberg region has a subtropical climate with long hot summers and mild win-
ters. The mean annual rainfall is 868.9 mm (2001-2021), the mean maximum temperature
is 27.4 °C, reaching a peak in January (30.9 °C), and the mean minimum temperature is
16.7 °C, with a low occurring in July (10.7 °C) (2001-2021) [53]. For Renmark, the summers
are hot, the winters are cold and windy, and it is dry and mostly clear year-round. The
mean annual rainfall is 224.4 mm (2001-2021), the mean maximum temperature is 25.1 °C,
reaching a peak in January (33.9 °C), and the mean minimum temperature is 9.8 °C, with a
low occurring in July (3.8 °C) (2001-2021) [53]. The monthly minimum (Tmin) and maxi-
mum (Tmax) air temperatures and rainfall obtained from BOM [49] are shown in Figure 2.
The mean annual rainfall over the study period (2017-2021) varied from 307.2 to 1214.4 mm
in the Bundaberg region, with the highest in 2017 and the lowest in 2019, respectively, and
from 104.8 to 216.8 mm in the Renmark region, with the highest in 2017 and the lowest in
2019, respectively. The mean maximum temperature varied from 27.6 to 28.5 °C for the
Bundaberg region and from 24.3 to 26 °C for the Renmark region over the study period
(2017-2021) [49]. The trees in the Bundaberg study area were planted in 2005, whereas
those in the Renmark region were planted in 2000. Both orchards were irrigated.
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Figure 2. Monthly averages of the maximum (Tmax) and minimum (Tmin) air temperatures (°C),
along with the monthly average rainfall (mm) for the Bundaberg (top) and Renmark (bottom) study
regions (2001-2021).

2.2. Avocado Phenological Data

The general phenological information of the avocado crops was obtained from both
farms; this comprised observations recorded from the last fifteen to twenty years of data.
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This included the timing of physiological changes, e.g., flowering, fruit set, leaf flush,
fruit fall, and fruit maturity, and the durations of phenological events. Additionally, the
published literature relating to the phenological cycles of avocado in different regions
in Australia was reviewed [14]. The phenological information and timing are shown in
Figure 3. The phenological stages in Renmark occurred 1 to 3 weeks later than those in
Bundaberg. Moreover, there was an overlap of some phenological events. To explain the
phenological stages in the context of the time-series EVI, four phenological stages were
defined in relation to the calendar year (Table 1).

(@)
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Figure 3. Avocado phenological stages in (a) Bundaberg and (b) Renmark (data acquired from the growers).

Table 1. The four avocado phenological stages in Bundaberg and Renmark.

Phenology Stages Bundaberg Renmark
Flowering (F) September 2nd week-October September 3rd
3rd week week-November 3rd week
Vegetative flush (V) October 4th week—-April November 4th week-May
Fruit Maturity (M) April-May May-June
Harvest (H) May-September 1st week June-September 2nd week

The F stage was when floral development began at the start of the season. From
Figure 3, it was observed in the second week of September in the Bundaberg region and
in the third week of September in the Renmark region. The ‘Hass” avocado shows two
vegetative flushes, one in spring, which coincides with flowering, and another in summer,
when the growth of the fruit set takes place simultaneously. In Bundaberg, the spring
leaf flush continued from September until late November, and the summer leaf flush
continued from December to May, whereas in Renmark, the spring leaf flush continued
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from mid-October to late-December, and the summer leaf flush continued from January
to May. The summer vegetative flush was considered as the V stage in this study, and it
was superimposed by the growth of the fruit set. The M stage was when the tree reached
its peak growth period due to the presence of the maximum vegetative flush and fruit
development. At H stage, the harvest of fruits began, followed by seasonal pruning at
both farms.

2.3. Sentinel 2 Data

In this study, a 5-year time series (September 2016-December 2021) of S2 L1C (top of
the atmosphere) reflectance data were retrieved from the Google Earth Engine (GEE) plat-
form [54]. TOA reflectance data have been found to be effective in identifying the surface
reflectance differences between crops [36] and in monitoring crop phenological stages [55].
However, TOA data have significant limitations given their sensitivity to changes in the
composition of the atmosphere over time. Therefore, all L1C data were transformed into
L2A data (bottom of the atmosphere, BOA) by using the Sen2Cor algorithm [56]. The
mean pixel reflectance for each farm (4 blocks in Bundaberg and 3 blocks in Renmark) was
computed for each acquisition and stored in a table.

Frequent cloud cover during crop growth makes it difficult to retrieve crop pheno-
logical information and affects the calculation of the time series of indices [57]. Therefore,
the 52 cloud probability dataset (s2cloudless) in GEE was used to mask the clouds and
cloud shadows for each pixel [55,58]. A total of 199 images in the Bundaberg region of
Queensland and 195 images in the Renmark region of South Australia during the study
period were processed.

2.4. Enhanced Vegetation Index
The EVI is calculated using the following formula:

Pnir — Pred
EVI=G x 1)
Pnir + (Cl X Pred — C2 x Pblue ) +L

where pp;. is the near-infrared reflectance, p,.q is the red reflectance, py) e is the blue
reflectance, and L is the canopy background adjustment (L = 1). C1 and C2 are coefficients
of the resistance and influence of aerosol in the blue and red bands, respectively (C1 = 6 and
C2 =7.5), and G is a gain factor (G = 2.5) [59]. The EVI values range from 0 (bare ground)
to 1 (complete vegetation cover). As previously stated, this index minimizes the influence
of the canopy background and reduces variations due to atmospheric effects [60].

2.5. Savitzky—Golay Smoothing

Due to the influence of atmospheric conditions, clouds, and cloud shadows, residual
noise removal is an important step in processing time-series data derived from satellite
imagery. The Savitzky—Golay (SG) filter is a simplified least-squares fit convolution method
for smoothing noisy time-series data [61]. The convolution is a weighted moving-average
filter with a polynomial of a certain degree. The weight coefficients (below, referred to as
coefficients), when applied to a signal, perform a polynomial least-squares fit within the
filter window. The polynomial is designed to preserve high-order moments within the data
and reduce the bias introduced by the filter. This filter can be applied to any consecutive
data that have data points at fixed and uniform intervals along the chosen abscissa and
curves formed by plotting the points that are continuous and more or less smooth. The
general equation of the simplified least-squares convolution for EVI time-series smoothing
is described as:

Y*—1

i=m
i =N, Y GYj 2)

1I=—m

where Y is the original EVI value, Y* is the smoothed EVI value, C; is the coefficient for the
ith EVI value of the filter (smoothing window), N is the number of convoluting integers,
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which is equal to the smoothing window size (2m + 1), and j is the running index of the
original ordinate data table.

Two parameters (m and d) were defined in advance in this study. The first parameter, m,
is the half-width of the smoothing window. The second parameter, d, is an integer specifying
the degree of the smoothing polynomial. In this study, m and d are 5 and 3, respectively. A
time-series noise-free EVI dataset at a 5-day frequency was produced, matching the S2 revisit
time. The SG-smoothed EVI dataset was used for the following analysis.

2.6. EVI Metrices

Avocado crop reflectance profiles differ not only with leaf area, but also with the fruit
set and the length of the phenological cycle. At the time of the F stage, the reflectance differs
predominantly due to the variation in the determinate and indeterminate inflorescence and
the fraction of canopy cover with inflorescence [11]. Based on these attributes, five EVI
metrics were calculated (all EVI values are the SG-smoothed EVI):

EVInean (X) = mean EVI value for a certain phenological stage X, (©)]
EVIpin = minimum EVI for a given avocado growing season (4)
EVImax = maximum EVI for a given avocado growing season ()]

EVI — EVI
EVlatio = o 6
ratio EVImax — EVImin ( )
EVIslope = EVlatio (tZ) — EVliatio (tl) )

where X is the phenological stage (i.e., F, V, M, and H), EVI is the EVI value from a specific
acquisition, t1 corresponds to the beginning of a phenological stage, and t2 is the end of
that stage. The beginning and end dates of each phenological stage were taken from the
field-observed data given in Table 1.

EVIjjope allows one to capture the greatest increase/decrease in the EVI, which is a
useful metric to compare against avocado phenological stages [62].

2.7. Statistical Analysis

To differentiate four phenological stages in terms of EVIpean and EVIsiope, within the
5-year study period, descriptive data analyses, including box plots and one-way analysis
of variance (ANOVA), were undertaken. The null hypothesis stated that the mean EVInean
and EVIjope for all 5 years were the same, i.e., there was no significant difference between
them. ANOVA was tested at a confidence level of 95% (p < 0.05). Once it was confirmed that
EVImean and EVIgjope were statistically different for the four phenological stages, Tukey’s
honestly significant difference (Tukey-HSD) test with a p-value of 0.05 was adopted in order
to identify the phenological stages that were significantly different in terms of EVIjean and
EVIgjope in the avocado farms in Bundaberg and Renmark.

The Pearson correlation was used to measure how two continuous trends co-varied
over time, indicating the linear relationship as a number between —1 (negatively correlated),
0 (not correlated), and 1 (perfectly correlated). In this study, the Pearson correlation
coefficient (R) was applied to identify the cross-correlations between EVI trends at different
seasons within the study period (2017-2021) and between the Bundaberg and Renmark
avocado farms. An ANOVA test, followed by Tukey-HSD, was also undertaken to identify
the mean differences between trend lines. All analyses were performed using the numpy
and scipy libraries [63] in Python 3.10.6 [64].

The main steps used in this study are shown in Figure 4: (1) acquiring Sentinel
2A/B and L1C time-series (September 2016—December 2021) data and constructing a
spatiotemporal resolution dataset; (2) calculating the enhanced vegetation index (EVI);
(3) time-series reconstruction, including the 10-day composite, linear interpolation, and
Savitzky—Golay filter smoothing; (4) calculating the EVI metrics (EVImean, EVImin, EVImax,
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EVlato, EVISlope); (5) statistical analysis using one-way analysis of variance (ANOVA),
Tukey’s honestly significant difference (Tukey-HSD) test, and Pearson correlation analysis.

Acquire Sentinel Acquire avocado

Masking clouds and
cloud shadows N| ly
using s2cloudless

2A/2B L1C data phenology data

i
Transformed L1C to Define phenology

L2A using Sen2Cor stages (F, V, Mand
¥ H) according to

calendar months

EVI time series

v
Savitzky-Gloay

filter smooth

v
Classify smoothed
EVI data to match
phenology stages

v

Calculate EVI

metrices

>

Y

Statistical analysis
to retrieve
phenology stages

Figure 4. The workflow for monitoring avocado crop phenological stages using time-series Sentinel
2 images.

3. Results
3.1. SG-Smoothed Time-Series EVI at Key Phenological Stages

SG-smoothed curves were derived from the S2 time-series EVI data for the Bundaberg
and Renmark avocado farms, as shown in Figure 5. In general, the trend lines over the
study period (2017-2021) in both regions showed similar patterns, with a peak in June-July
and a trough in September—October, and with a small variation in the timings. The trough
in the EVI at the Bundaberg farm was observed one to two weeks earlier than the trough
at the Renmark farm, which agreed with field observations described above. However, in
2017 and 2019, the lowest EVI value occurred a little later due to a severe pruning event on
the Bundaberg farm in both of these years.
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Figure 5. Savitzky-Golay (SG)-smoothed curve fitted to Sentinel 2 (S2) time-series EVI data over five
years (2017-2021) for the (a) Bundaberg (four blocks) and (b) Renmark (three blocks) avocado farms.

The four different colors show the four phenological stages (i.e., F, V, M, and H) according to the
calendar months.

3.2. Differentiating Phenological Stages Using EVI Metrics

The box plots of EVInean and EVISlope at the four phenological stages (i.e., F V, M, and
H) in the 5-year study period (2017-2021) for the Bundaberg and Renmark farms are shown
in Figure 6. From the graph, it is evident that the combination of both EVIean and EVIgiope
was able to differentiate among the four phenological stages in both farms.

The Tukey-HSD test (Table 2) showed which phenological stages were significantly
different from each other in the 5-year period when using EVInean and EVIgiope for the
Bundaberg and Renmark avocado farms. EVInean showed significant differences among
phenological stages, except for V-H (p-value = 0.29; more than 0.05), since the average EVI
values of these two stages resided at the two wings of the ‘sine curve’ EVI profile. However,
EVIgiope differentiated among all four phenological stages, where the highest p-value was
0.036 for M-F. For the Renmark farm, EVIean showed no significant difference in M-H
(p-value = 0.09) and V-H (p-value = 0.34), and EVIype exhibited no significant differences
in only M-F (p-value = 0.25). Using both EVIyean and EVlsiope, significant differences could
be revealed among the four phenological stages for the Renmark farm.
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Figure 6. The box plots of EVImean and EVIgjope data showing the differences among the four

phenological stages (i.e., F, V, M, and H) for the (a) Bundaberg (1 = 5 years) and (b) Renmark
(n =5 years) avocado farms.

Table 2. Results of the Tukey-HSD test on the phenological stages for the Bundaberg and Ren-
mark farms.

EVInean at Bundaberg Farm

Difference Mean

between Stages Difference Std. Error t P> 1t
H-F 0.18 0.02 8.30 339 x 1077
M-F 0.28 0.02 12.80 8.02 x 10710
V-F 0.16 0.02 7.22 2.04 x 1076
M-H 0.10 0.02 4.49 3.67 x 1074
V-H —0.03 0.02 —1.08 294 x 107!
V-M —0.12 0.02 —5.58 414 x 107°

EVIgjope at Bundaberg Farm
H-F —0.56 0.05 —10.61 1.20 x 108
M-F 0.12 0.05 2.29 358 x 1072
V-F 1.00 0.05 18.86 2.35 x 10712
M-H 0.69 0.05 12.90 7.16 x 10710
V-H 1.57 0.05 29.47 227 x 10715
V-M 0.88 0.05 16.57 1.70 x 10~ 11

EVIpean at Renmark Farm
H-F 0.13 0.02 6.39 8.81 x 107
M-F 0.17 0.02 8.18 412 x 1077
V-F 0.11 0.02 541 574 x 107>
M-H 0.04 0.02 1.78 9.32 x 1072
V-H —0.02 0.02 —0.98 3.39 x 107!
V-M —0.06 0.02 —2.77 1.36 x 102
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Table 2. Cont.
EVImnean at Bundaberg Farm
Difference Mean

between Stages Difference Std. Error t P>t

EVIgjope at Renmark Farm
H-F —0.44 0.09 —4.48 3.79 x 10~4
M-F 0.12 0.09 1.21 245 x 107!
V-F 0.79 0.09 8.11 4.66 x 1077
M-H 0.56 0.09 5.68 3.38 x 10~°
V-H 1.24 0.09 12.59 1.03 x 1072
V-M 0.68 0.09 6.90 3.57 x 107

3.3. Seasonal Variability of the EVI

The seasonal variability (from 1 September to 31 August ) of the smoothed EVI trends
for the Bundaberg and Renmark avocado farms in the 5-year study period (2017-2021) is
shown in Figure 7. In the Bundaberg farm, the EVI followed a similar trend across the study
period, except for 2017 and 2020, where severe pruning delayed the start of the season. In
Renmark, no such variation was observed in the EVI trend across the years. In both farms,
the EVI values varied mostly at the V stage, which was due to the variations in the leaf
growth, fruit set, and fruit drop in different years [65]. A distinctive seasonal trend of the
EVI was observed in both regions, with a peak at the M stage and a trough at the F stage.

a) 0.8
—i 2017
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£ —=2020
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£
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b)
0.9
— 2017
> 0.8- 18
w
D
£ 074 T
° ——
2
& 0.6
0.5

Sept

Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug

Figure 7. Seasonal variations in EVI trends within the study period (2017-2021) in the (a) Bundaberg
and (b) Renmark avocado farms.

The Pearson correlation analysis of the EVI trends for the Bundaberg and Renmark
avocado farms within the study period (2017-2021) found no significant differences among
the seasonal trend lines within the 5-year study period (R = 0.68 to 0.95 for the Bundaberg
farm and R = 0.8 to 0.96 for the Renmark farm). However, the results of the Tukey-
HSD test (Table 3) showed significant differences in the mean EVI values in 2018-2020
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(p-value < 0.05) for the Bundaberg farm and in 2017-2019, 2017-2020, 2018-2019, and
2018-2020 (p-value < 0.05) for the Renmark farm.

Table 3. Results of the Tukey-HSD test for the Bundaberg and Renmark avocado farms.

Bundaberg Farm

beB«lrzfeieSI;;es Dilf\;[:rf;ce Std. Error t P> 1t
2017-2018 —0.043506 0.023061 —1.886572 0.366870
2017-2019 0.000944 0.023061 0.040955 0.998689
2017-2020 0.035722 0.023061 1.549056 0.545558
2017-2021 0.003178 0.023061 0.137801 0.998689
2018-2019 —0.044450 0.023061 —1.927527 0.366870
2018-2020 —0.079228 0.023061 —3.435628 0.007359 *
2018-2021 —0.046683 0.023061 —2.024373 0.335841
2019-2020 —0.034778 0.023061 —1.508101 0.545558
2019-2021 —0.002233 0.023061 —0.096846 0.998689
2020-2021 0.032544 0.023061 1.411255 0.545558

Renmark Farm
2017-2018 —0.002528 0.015251 —0.165742 0.868552
2017-2019 0.042694 0.015251 2.799396 0.039189 *
2017-2020 0.063444 0.015251 4.159935 0.000448 *
2017-2021 0.027539 0.015251 1.805674 0.260559
2018-2019 —0.045222 0.015251 —2.965137 0.027252 *
2018-2020 —0.065972 0.015251 —4.325676 0.000255 *
2018-2021 —0.030067 0.015251 —1.971416 0.227248
2019-2020 —0.020750 0.015251 —1.360539 0.439319
2019-2021 0.015156 0.015251 0.993722 0.539950
2020-2021 0.035906 0.015251 2.354261 0.112360

* Statistically significant difference between means with p-value < 0.05.

3.4. Variability in the EVI between the Two Farms

The variability in the EVI trends between the Bundaberg and Renmark avocado farms
during the study period (2017-2021) is explored in Figure 8. Both curves showed similar
trends, with a one- to two-week difference in the peak and trough. The EVI values for the
Renmark farm were much higher (0.52 to 0.82) compared to those for the Bundaberg farm

(0.3 to0 0.73).
0.8
o 0.7
-8 N /
2 0.6
S 0.5 /
E, 0.4 —— Bundaberg Farm
Renmark Farm
0.3
1 Sept 2016 1 Sept 2017 1 Sept 2018 1 Sept 2019 1 Sept 2020 1 Sept 2021
Dates

Figure 8. Temporal variability of the EVI trends between the Bundaberg and Renmark avocado farms.
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The Pearson correlation analysis of the EVI trends during the study period (2017-2021)
for the Bundaberg and Renmark avocado farms did not show significant differences be-
tween the two farms, with R = 0.68 and p-value < 0.01. However, the Tukey-HSD test
analysis (Table 4) showed significant difference between the mean EVI values between the
two farms.

Table 4. Tukey-HSD test between the Bundaberg and Renmark avocado farms.

EVImean at Bundaberg Farm

Difference between Farms Mean Difference Std. Error t P> Itl

Renmark-Bundaberg 0.16 0.01 18.00 4.09 x 10723

4. Discussion

In this study, S2-derived time-series EVI data were explored to understand the phe-
nological profile of avocado crops over a five-year period (2017 to 2021) in the Bundaberg
and Renmark regions of Australia. An SG filter was applied to smooth out the noise in
the time-series EVI data. The trend lines in both regions showed a similar pattern over the
study period (2017-2021), with a peak in June-July and a trough in September—October.
However, slight deviations of two to three weeks were observed between the two regions,
which could be due to different factors, such as weather conditions, crop age, and crop
management practices [66], which might have been more precisely exposed in the EVI
trends in both farms.

To describe the four key phenological stages (i.e., F, V, M, and H) with respect to the
SG-smoothed time-series EVI data, the phenological events of avocado crops were defined
according to calendar months. Two metrics derived from the SG-smoothed time-series EVI
(EVImean and EVI,p,.) data clearly differentiated among the four phenological stages. In
general, the seasonal time-series EVI (n = 5 years) followed a ‘sine’ curve, with a peak at the
M stage and a trough at the F stage, which was similar to the findings reported by Torgbor,
Rahman, Robson, Brinkhoff, and Khan [10] for mango crops. The minimum EVInyean at
the F stage could be due to the presence of flowers that reflected more in the green-red
domain of the spectrum while causing no apparent changes in the blue and near-infrared
(NIR) domain, which was reported by Shen et al. [67] and Torgbor, Rahman, Robson,
Brinkhoff, and Khan [10]. Moreover, the simultaneous presence of both determinate and
indeterminate inflorescence for the avocado crops and the fraction of canopy cover with
flowers could have influenced the EVI trends at this stage. On the other hand, due to the
simultaneous presence of developed shoots and fruits, the highest EVIean was observed
at the M stage. The V and H stages resided on two opposite sides of the ‘sine’ curve, with
comparable EVInean values. However, EVISIOpe differentiated between these two stages,
since one had a positive slope and the other had negative. Due to the development of
leaf flush and fruit set, the trend of EVI or EVIgjope showed positive results in the V stage,
whereas the crop harvest followed by pruning showed negative results in the H stage
because of the declining biomass at this stage.

The most variability among the seasonal SG-smoothed EVI trends was witnessed in
the F and V stages for both the Bundaberg and Renmark farms. The variation in the EVI
at the F stage may be related to ‘alternate bearing’. Previous research [6,19,68] reported
the loss of tens of thousands of avocado flowers at the F stage, which was not the same
in the ‘on” and ‘off” seasons. Inter-annual variation at the V stage was also evident. This
variability was due to the variation in shoot growth and fruit development at this stage,
which has been reported by several previous researchers as well [65,69,70]. The higher
value of the EVI at this stage could have been due to the greater vegetative growth and
improved photosynthetic performance, which could lead to a high number of fruit sets,
low fruit drop, and higher yield, and vice-versa [71,72].

According to the Pearson correlation analysis, there were no significant differences
observed in the seasonal variability of the SG-smoothed EVI trends during the study period
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(2017-2021) for both the Bundaberg and Renmark avocado farms. Since the flowering
in 2017 and 2020 in the Bundaberg farm started around two months later than in other
years due to severe pruning events following the harvest in the previous season (from the
growers’ data), the Pearson correlation analysis showed the lowest correlation between
2017 and 2021 (R = 0.63 and p-value < 0.01). In Renmark, the lowest correlations were
observed in 2017-2019 and 2017-2020 (R = 0.8 and p-value < 0.01 in both years). However,
the Tukey-HSD test showed significant inter-annual variability in the mean EVI values
between years for both the Bundaberg and Renmark farms, which was predominantly
due to the variations in the F and V stages, as discussed earlier. Future research on
understanding the variability in the F and V stages in order to improve crop management,
eliminate the ‘alternate bearing’ issue, and develop yield prediction models for avocado
crops is warranted.

The Pearson correlation analysis of the EVI trends during the study period did not
show any significant differences between the Bundaberg and Renmark avocado farms.
However, the Tukey-HSD test showed a significant difference between the mean EVI values
for the Bundaberg and Renmark avocado farms, which could be due to several factors,
such as crop age, farm management practices, and weather (rainfall, temperature, relative
humidity, etc.) [66].

5. Conclusions

To the best of our knowledge, the use of satellite remote sensing to describe avocado
crop phenology is novel, although field studies for understanding the phenological changes
in this crop have been conducted for more than two decades. In this study, S2-derived EVI
data were explored to retrieve four key phenological stages (i.e., F, V, M, and H) of ‘Hass’
avocado crops in the Bundaberg and Renmark regions in Australia. The time-series EVI data
that were studied over a 5-year period (2017-2021) showed seasonal variations that aligned
favorably with phenological changes in avocado crops acquired from field observations.
The combined use of EVIjyean and EVIiope differentiated among the four phenological
stages in both farms. This information about phenological events from remote sensing data
can provide a great benefit to the industry by guiding the key timings for crop management
activities, including the application of crop inputs (e.g., nutrition, growth regulators, and
fungicides, among others) and harvest scheduling without any labor-intensive and time-
consuming field surveys. The variations in the EVI due to pruning in the Bundaberg farm
demonstrated the potential of ‘benchmarking’ the seasonal trends of avocado crops, which
can provide valuable information about significant variations resulting from pest and
disease incursions and the potential impacts of seasonal weather variations. The potential
use of very-high-resolution imagery, such as that from Planet Scope with 3 m spatial
resolution and daily revisitation, could greatly improve the granularity and sensitivity of
this form of orchard monitoring.
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