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Mangrove forests, as one of the most vital coastal ecosystems, play a crucial role in the
environmental sustainability of Iran’s southern regions. Investigating the phenological
patterns of these ecosystems, particularly through remote sensing, enables continuous and
efficient monitoring of vegetation health and dynamics. Vegetation indices are primary
tools for extracting phenological information; however, their relative accuracy and
efficiency in marginal and complex environments like the mangroves of southern Iran
require rigorous comparative evaluation. This study aimed to compare the performance of
three indices: NDVI, SAVI, and NDPI, in assessing the phenological components of
mangrove forests in southern Iran. To do this, changes in three main phenological events—
start of grow season (SOS), end of grow season (EOS), and length of grow season
(LOS)—were extracted and analyzed over a 30-year period (1993-2023) across seven
selected mangrove sites. A mixed-linear model in R software was employed to evaluate
temporal trends of these events and to compare differences arising from various indices
and regions. The results indicated that all three indices exhibited an upward trend over the
past 30 years, suggesting a gradual increase in mangrove greenness and canopy density,
and that the type of vegetation index did not have a significant impact (P>0.05) on the
phenological components. These findings provide a framework for more effective
monitoring and management of mangrove ecosystems in Iran’s coastal areas, facilitating
the identification of regions with specific conservation or management needs.
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Introduction

Monitoring phenology at broad temporal and spatial scales using field data is difficult, time-
consuming, and costly. Remote sensing, however, offers an efficient tool for continuous monitoring of
vegetation cover over long-term periods. Vegetation indices derived from satellite data are among the
most important tools for extracting phenological information, and numerous indices have been
developed for vegetation monitoring. Despite this, most mangrove phenology studies have focused on
Southeast Asia, Australia, and Latin America, with limited research conducted on the mangroves of
the Middle East, particularly the southern coasts of Iran. The mangrove forests of southern Iran,
predominantly composed of the Avicennia marina species, are among the country’s most significant
coastal ecosystems, extending along the coasts of the Persian Gulf and the Sea of Oman. These
ecosystems are influenced by hot and arid climatic conditions, severe salinity fluctuations, tidal cycles,
and limited freshwater resources. Despite the high importance of these forests, long-term remote
sensing-based phenology studies in these areas are very limited, and no comprehensive study has yet
been conducted to compare the performance of different vegetation indices in extracting the
phenological components of the mangroves of southern Iran. Therefore, the main objective of this
research is to investigate and compare the performance of three vegetation indices — NDVI, SAVI, and
NDPI - in estimating the phenological components of the mangrove forests of southern Iran based on
long-term time series. To this end, key phenological components, including the Start of Season (SOS),
End of Season (EOS), and Length of Season (LOS), were extracted in seven mangrove habitats over
the period from 1993 to 2023 and analyzed using a linear mixed-effects model.

Material and Methods

The mangrove forests of Iran are located along the southern coasts of the Persian Gulf and the Sea of
Oman (25°10-27°55' N, 51°25'-61°25' E). These areas have an arid climate with low annual rainfall
(100-200 mm) and high average air temperatures (26—30 °C). Seven representative sites were selected
within the distribution range across southern Iran, as these locations encompass the ecological and
climatic diversity of Iran’s mangroves, making them ideal for a comparative phenology study. In this
research, a systematic and precise approach was employed for data collection and preprocessing using
the Google Earth Engine (GEE) platform to ensure high-quality datasets with appropriate spatial
alignment. Time series of surface reflectance (SR) images from Landsat satellites covering the period
from 1993 to 2023 were utilized, including Landsat 5 (1993-2002) TM, Landsat 7 (2003-2012)
ETM+, and Landsat 8 (2013-2023) OLI/TIRS, all with a spatial resolution of 30 meters. Vegetation
indices, including the Normalized Difference Vegetation Index (NDV1), the Soil-Adjusted Vegetation
Index (SAVI), and the Normalized Difference Phenology Index (NDPI), were extracted to more
accurately capture the seasonal and inter-annual dynamics of the mangrove forests. The phenological
components under investigation were calculated using smoothed time series of the vegetation indices.
The Start of Season (SOS) was defined as the date when the vegetation index exceeded 20% of the
range between the minimum index value of the preceding period and the seasonal maximum. The End
of Season (EOS) was identified as the date when the vegetation index decreased to 20% of the range
between the post-season minimum and the seasonal maximum, using the same threshold criterion
applied for SOS. The Peak of Season (POS) refers to the date when the vegetation index reached its
maximum value between SOS and EOS, indicating the period of peak vegetation activity. The Length
of Season (LOS) was calculated as the time difference between SOS and EOS and expressed in
months. To compare the performance of the vegetation indices in estimating the phenological
components of the mangrove forests, a linear mixed-effects model was used. The year was considered
a random effect to control for the temporal autocorrelation of the data over the 30-year period.
Analyses were performed in the R software environment using the Ime4, ImerTest, and emmeans
packages. To assess the significance of main and interaction effects, a Satterthwaite-based F-test
(ANOVA) was employed. Furthermore, pairwise comparisons between regions and indices were
conducted using the emmeans post-hoc test. The significance level for all tests was set at P<0.05.
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Results

The results showed that vegetation index type had no significant effect on any of the phenological
components. Specifically, the index effect was non-significant for SOS (P=0.82), EOS (P=0.89, and
LOS (P=0.94). This indicates that all three indices exhibit a similar temporal pattern in estimating
phenological components. In contrast, the site effect was significantly different for all three
phenological components. Significant differences among sites were observed for SOS (P<0.0001),
EOS (P<0.001), and LOS (P<0.0001). These results indicate that the studied sites differ considerably
in the timing of season onset, season termination, and growing season length. The interaction between
index type and site was also non-significant for all three phenological variables (P>0.87). Therefore,
the observed differences among sites are independent of index type, and the pattern of variation is
similar across all indices.

Discussion

The results of this study demonstrated that the vegetation indices used provide relatively similar
patterns of phenological changes in the mangrove forests of southern Iran, with no significant
differences observed among them in estimating phenological components. In contrast, spatial
variations among the studied sites played a more decisive role in the changes of the start of the season,
end of the season, and length of the growing season, indicating the significant influence of
environmental and climatic conditions on mangrove phenology. The results from the linear mixed-
effects model corroborated this finding; the effect of vegetation index was non-significant across all
phenological components, while the effect of the region was evaluated as highly significant in all
analyses. This finding suggests that at the regional scale, environmental and geographical differences
play a more crucial role in controlling the phenological behavior of mangroves compared to the type
of vegetation index. It is recommended that future studies utilize Sentinel-2 data with higher spatial
resolution, as well as integrate field, optical, and radar data. Additionally, combining machine learning
models with climate data could further improve the accuracy of phenological component extraction.
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Figure 2. Phenological metrics including start of season (SOS), peak of season (POS), end of season (EOS)
and length of season (LOS) for A. marina species in Khorkhoran Wetland during a cycle for 2011 and
2012
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Figure 3. Q-Q plot of residuals (left) and plot of residuals versus fitted values (right) of the studied
phenological metrics
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Figure 4. Time series graphs of the investigated indicators for the mangrove species (A. marina) in the
study sites
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Table 2. Results of ANOVA test to examine phenological metrics related to the vegetation indices under

study
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Table 3. Results of marginal and conditional coefficient of determination of phenological metrics
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Table 4. Results of pairwise comparison of phenological metrics of the studied vegetation indices
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Table 5. Results of pairwise comparison of start of season (SOS) of the studied sites
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Table 6. Results of pairwise comparison of end of season (EOS) of the studied sites.
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Table 7. Results of pairwise comparison of length of season (LOS) of the studied sit
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