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ABSTRACT

Mangrove forests play a valuable role in maintaining the coastal ecosystem. Global warming alongside human
activities has caused reduced extent and health of these ecosystems in recent years. This study aimed to examine
the variability of the extent of mangrove forests and the sea surface area in response to changes in climatic
parameters in the south of Iran. To achieve this, the climatic data recorded at Bandar Abbas Synoptic Weather
Station and Landsat series of satellite images were used. To detect the trends of meteorological parameters during
1987-2017, the modified Man-Kendall test and the Sen’s slope estimator were employed. We investigated the
regression relationship between climatic parameters as well as the sea surface area and the mangrove forest extent.
The results showed that mangrove forest extent was about 73.08 km? in the first year of study (1987), which
increased to 88.73 km? (21%) in 2017. The minimum temperature (Z = 2.77, p = 0.0186), maximum temperature
(Z =2.066, B = 0.0362), and the extent of the mangrove forests (Z = 2.58, = 0.0405) displayed significantly
growing trends. In contrast, the mean temperature, precipitation, relative humidity, and the sea surface area had
no significant trends during the study period. The minimum temperature presented the highest correlation
coefficient with the mangrove forest extent (61%). It is expected, therefore, along with global warming and
increasing minimum temperature, the extent of mangrove forests would have a growing trend in the south of Iran
in the future. The results of this study can be used by natural resources and forest managers to determine the best
place for afforestation in order to perform better protection of these forests.
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INTRODUCTION

Mangroves are forest formations estimated to cover about 12 to 20 million hectares worldwide (Food and
Agriculture Organization of the United, 2007). These forests exhibit a great degree of community persistence and
ecological stability in front of environmental inconstancy (Alongi 2015). Mangrove forests help decrease
atmospheric carbon dioxide, protect coastal lines, and provide food and shelter for ecosystems. However, they are
among the top threatened habitats worldwide caused by human activities, climate change, and coastal-related
natural disasters such as flood, heavy rainfall, tsunami, etc. (Pham et al. 2019). Research showed that in South
Asia (Giri et al. 2014), South and Southeast Asia (Parida et al. 2014; Richards & Friess 2016), West Africa
(Carney et al. 2014), Amazon in Brazil (Barros & Albernaz 2014), Indonesia (Murdiyarso et al. 2015), India (Giri
et al. 2014; Srivastava et al. 2015), Myanmar, Malaysia, Cambodia, Indonesia and Guatemala (Hamilton & Casey
2016), South American countries (LApez-Angarita et al. 2016), Southwest Australia (Lovelock et al. 2017) and
Myanmar (Estoque et al. 2018), mangrove forests extent have shrunk by human activities and climate change.
Studies have shown that global mangrove deforestation rates range from 0.16% to 0.39% per year, with
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Southeastern of Asia being an area of concern with mangrove deforestation rate between 3.58% and 8.08
(Hamilton & Casey 2016). Literature has also confirmed that approximately 36,000 ha of mangrove forest has
been destroyed since the 1960s, with nearly 70% of reported mangrove loss due to climate change (Sippo et al.
2018). It is expected that the impacts of climate change on the mangrove ecosystem services would challenge-
dependent livelihoods (Uddin et al. 2014). Changes in climate parameters, such as sea levels rise (SLR), increasing
temperature and droughts, rising the frequency or severity of storms and especially precipitation and minimum
temperature, affect the species richness of mangrove forests and its abundance (Jennerjahn et al. 2017; Osland et
al. 2017). Additionally, the global sea level has risen by 3.2 mm per year over the last decades (Church & White
2011; Wolanski & Elliott 2015) and is likely to increase by 0.28 to 0.98 m by 2100 (Pachauri et al. 2014). A recent
study in southern Iran at Jask and Chabahar stations also confirmed that the sea level has risen between 2.88 to
5.47 mm per year in recent decades (Etemadi et al. 2018). Although climate change often threatens the ecosystem
function of mangrove forests, these changes have sometimes expanded the extent of these forests. For example,
the results of some studies related to mangrove forests on the coast of Texas, USA, in the western Gulf of Mexico
(Armitage et al. 2015), north Australia (Asbridge et al. 2016), and south of Iran (Etemadi et al. 2018) have
indicated that the extent of mangrove forests have increased in recent decades as a result of sea level rise and
climate parameters change as well as increasing the minimum annual temperature. Guo et al. (2013) showed that
as conditions became unfavorable at lower latitudes, such as rising temperature, many species expanded their
distribution to higher latitudes due to the lower temperature in these areas. About 93.37 km? of the shorelines of
Iran were covered with mangrove forests in 2002. The largest extent (67.5 km?) occurs between the northwest
region of the Qeshm Island and the Khamir Port (Zahed et al. 2010). In recent years, Iranian authors, e.g., Etemadi
et al. (2018) have examined the changes of mangrove forest extent in southern Iran (Hormozgan Province, east
and west of Jask) using aerial photographs and satellite imagery. They have concluded that during the 1956-2012
period, the extent of mangrove forests increased significantly. In addition, Toosi et al. (2019) have reported that
the extent of mangrove forests in the northwest region of Qeshm Island and Khamir port increased by 8.9% and
4%, respectively, using satellite imagery. Mafi-Gholami et al. (2019) have presented a relationship between Leaf
Area Index (LAI) and Standardized Precipitation Index (SPI) in mangrove forests of southern Iran; the LAI health
index decreased as drought intensified. Although the trend of changes in mangrove forests in Iran has frequently
been studied in recent decades, however, the relationship between the changes of the time-series of forest extent
alterations and the climatic parameters, as well as the sea level changes have not been considered. The present
study investigated the relationship between the time series of mangrove forests located in the Khamir Port as well
as the northwest of Qeshm Island and time-series variations of climatic parameters such as temperature,
precipitation, and SLR using satellite imagery and statistical analysis.

MATERIALS AND METHODS

Iran's natural mangrove forests extend along the north of the Oman Sea and the Persian Gulf, with Avicennia
marina being the dominant species in these forests (Mafi-Gholami et al. 2019; Zahed et al. 2010). The mangrove
forests are located between the Khamir Port and the Qeshm Island in Hormozgan Province, constituting the largest
part of Iran's mangrove forests (Fig. 1). This region has a warm and humid climate (Mafi-Gholami et al. 2019).
Bandar Abbas Synoptic Weather Station recorded an average temperature of 27.0 °C with average maximum and
minimum temperatures of 32.3 °C and 21.9 °C, respectively, from 1987 to 2017. In addition, yearly relative
humidity and precipitation were recorded at 62.3% and 171 mm, respectively. There are two tides in the area
every day with significant fluctuations. During the high tide, the northern coast is submerged, while during the
low one, the site is marshy. In the south-western regions of the mangrove forests, changes in the sea surface areas
rise up to 5 m (Toosi et al. 2019).

Satellite data and image preprocessing

Landsat satellite imagery was used to study the trend of changes in the extent of the mangrove forest cover. For
this purpose, spectral bands of Landsat 5, 7, and 8 were taken from the US Geological Survey (USGS). Of the 31
images received between 1987 and 2017, 15 images were from Landsat 5 (TM) satellite, 12 images from Landsat
7 (ETM+), and 4 images from Landsat 8 (OLI). All images were taken in August, with 160 path and 41 rows. The
existence of atmospheric, geometric, and radiometric errors was evaluated to control the data quality. The
accuracy of the images was checked and verified. The radiometric correction was performed on all images. The
FLAASH module was used for atmospheric correction to ensure accurate spectral data retrieval. The purpose of
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atmospheric corrections is to convert the TOA radiation of objects into reflections from the Earth's surface
(Wolanski & Elliott 2015; Almahasheer et al. 2016; Attafi et al. 2021). An additional challenging issue in the pre-
processing of ETM+ sensor images is the error correction of the black bars (the chapping of bar lines) known as
Scan Line Corrector (SLC). To fix this error, the Landsat Gap-fill extension was used in ENVI 5.3.
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Fig. 1. Location of the Mangrove forest in Khamir port and Qeshm Island of Hormozgan province, south of Iran.

Images classification

One of the most well-known supervised classification algorithms widely used in the studies of land use
classifications and mangrove forest cover is the Maximum Likelihood classification (MLC; Srivastava et al. 2015;
Asbridge et al. 2016; Mafi-Gholami et al. 2017; Etemadi et al. 2018; Lee et al. 2018; Alemi Safaval et al. 2018).
The MCL algorithm examines the covariance and variance of the group spectral response patterns when
classifying an unknown pixel. For this purpose, it is assumed that the distribution of cloud points that form the
training data for that group is Gaussian (normal distribution). Based on this assumption, the distributional behavior
of each group with a spectral response pattern can be usefully described by mean vector and covariance matrices
(Srivastava et al. 2015). Thus, each pixel is classified into a class with the highest probability. This probability
can be classified as an indicator of classification certainty, while classifying the pixels with the maximum
likelihood below the defined threshold is rejected (Gomariz-Castillo et al. 2017). Given the spectral characteristics
of images and recognition of land use in the study area (Thakkar et al. 2017), four land use classes including,
mangrove (M), shrub (Sh), bare lands (BI), and water (W) were considered. The false-color composite as well as
Google Earth images, were used to capture training points for MLC classification. After classifying the images,
to enhance the separation of the classes, especially the class of the mangrove forest, using the ARC GIS and
Google Earth Historical Images, the errors of map classification were corrected (Jayanthi et al. 2018; Soltaninejad
et al. 2020). Finally, the classification map was prepared with optimum accuracy.
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Climatic data

Daily climate data collected by Bandar Abbas Synoptic Weather Station were used to investigate the effect of
climatic parameters on the mangrove forest cover in the study area. The station is located 59 km far away from
the study area at latitude 48° 12' 27" North and longitude 56° 22' 06" East. Time series of mean, minimum and
maximum temperatures, relative humidity, and precipitation were extracted during the 1987-2017 period, with
the trend of changes and their relationships with forest cover changes were also examined. MATLAB and SPSS
software were used to measure the significance of the trends.

Modified Mann-Kendall test

The modified Mann-Kendall test was used to study the trend of time-series variations of climate parameters, the
extent of mangrove forests, and the sea level. The Mann-Kendall test is a non-parametric test generally used to
detect evolutionary trends in environmental, climatic, hydrological, and meteorological datasets. This test
statistically examines the monotonic upward or downward trends (Asfaw et al. 2018). The Mann-Kendall test was
first introduced by Mann in 1945 and then developed by Kendall in 1966 (Mann 1945; Kendall 1975). Negative
and positive Z statistics values in this test indicate descending and ascending trends, respectively (Huang et al.
2017; Yevenes et al. 2018). In this test, the difference between each observation is first calculated with all
observations, and then the parameter S is calculated as below (Mann 1945; Kendall 1975):

5= 2L 2 s (x ) @

Where, X is the value of the j"" data, n represents the number of data, and sgn (8) denotes the sign function and
calculated as:

1 if 6>0
sgn() =<0 if 6=0 2)
—1 if 6<0

Mann and Kendall showed that when n > 8, the S statistic is almost normally distributed and its mean is zero,
where its standard deviation can be obtained by Eg. 3 (Mann 1945; Kendall 1975).

n(n-1)(2n +5)—128:i”_1ti (t,—1)(2t; +5) 3)

Var(s) =

where, t; indicates the number of tie data with the i group. Finally, the Z statistic of the Mann—Kendall test can
be obtained as:

s—1
{ J/var(s) s>0

Z=<0 s=0 4
s+1
k J/var(s) s<0

The Z statistic has the standard normal distribution with unit variance and zero mean. The null hypothesis (Ho) is
based on the randomness or absence of any trend in the data series. In contrast, the alternative hypothesis (H1)
indicates the existence of a trend in the data series (Moazed et al. 2012). Since most hydrological and
meteorological time series may have significant autocorrelation, it should be ensured that the studied time series
have no significant autocorrelation before using the Mann—Kendall test (Ahmadi et al. 2018). The modified
Mann-Kendall test was proposed by Hamed & Ramachandra Rao (1998). In this method, all significant
autocorrelation coefficients are removed from a dataset before using the Mann—Kendall test. Initially, modified
variance V(s)* was used as Eqs. 5 & 6.

V() =V(S)= ®)

Zol4———y -Dn-i-1)@m-i-2n (6)

n(n-1)n-2)



Rostami et al. 675

where, V(S) is estimated using Eq. 3 and r; is the delayed autocorrelation coefficient. To calculate the Z statistic
in the modified version of the Mann-Kendall test in Eq. 4, V(S) is substituted by V(S)*.

Sen’s estimator
The slope of the trend line of the data series is calculated using the nonparametric Sen’s slop estimator method
presented by Theil (1992) and Sen (1968) using Eq. 7:

f = Median [";%X] Vi< @

where, B is the slope estimator of the trend line, while Xj and X; represent the observed values of j and i,
respectively. Negative values of § indicate a diminishing trend, while positive ones show an ascending one.

Statistical analysis of the relationship between mangrove forest cover extent and climatic parameters as
well as sea surface area

To study the statistical relationship between mangrove forest cover plus sea surface area and climatic parameters
such as minimum temperature, mean temperature, relative humidity, maximum temperature, and precipitation
over 31 years (1987-2017), simple and multiple linear regression analyses were used using Excel software. In the
simple linear regression, the correlation coefficients of independent climatic variables with the dependent
variables of mangrove forest cover were investigated. On the other hand, in the multiple regressions, the linear
relationship between the independent variables (e.g., climatic parameters and sea surface area) and a dependent
variable (e.g., mangrove forest extent) was investigated.

To achieve this, stepwise regression was used. In this method, all independent variables were introduced into the
model. When computing the independent variable, in case it has no significant effect on the dependent variable,
it would be removed from the analysis.

RESULTS AND DISCUSSION

After initial image processing and land use classification, the trend of mangrove forest extent changes between
Qeshm Island and Khamir Port was examined. In addition, the extent of mangrove forest cover and the sea surface
area level was calculated during 1987-2017 period (Table 1). Fig. 2 displays the annual changes in the mangrove
forest extent during 1987-2017. The results indicated significant increasing trends for both minimum and
maximum temperatures (Z = 2.77, B = 0.0188; Z = 2.066, p = 0.0362) at 1% and 5% level of significance. The
extent of mangrove forest showed an ascending trend (Z = 2.58, p = 0.405), while the sea surface revealed no
significant trend (Table 2). The significant relationship between the mangrove forest extent and climatic
parameters during the studied period showed that although there was an inverse relationship between relative
humidity along with the sea surface area and the mangrove forests extent, the correlation between these
relationships was very weak (Fig. 3). Furthermore, the regression relationship between the relative humidity along
with precipitation and the extent of mangrove forests was not significant. However, the regression relationship of
minimum, maximum, and mean temperatures with the extent of mangrove forests at the level of 1% was
significant. Meanwhile, the minimum temperature with 61% correlation demonstrated the greatest effect on
increasing and decreasing the extent of mangrove forests. Fig. 5 revealed that the extent of mangrove forests grew
over 31 years; it was about 73.9 km? in 1987, and increased by 21% (15.6 km?) to 88.7 km? in 2017. Notably, the
trend of changes in the extent of mangrove forests was increasing but not continuous over the years (Fig. 4). In a
31-year period, the mangrove forest showed both ascending and descending trends over the study area. For
example, the mangrove forests showed a steady increase in the Mardo Forest located in the northwest of the study
area forests over the 31-year period (Fig. 5).

The results showed that the minimum, maximum, and mean annual temperatures have a significant ascending
trend among the studied climatic parameters during the 1987-2017 period. This result was in line with Etemadi et
al. (2018), who reported that the temperature increased by 14.3 C° in the last 42 years in southern Iran. The
mangrove forests in the study area exhibited also a significant ascending trend during this period, as the extent of
these forests has grown by about 21% during the 31 years.
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Table 1. Climatic parameters and mangrove forest extent and sea surface area during the period 1987-2017.

Mangrove Sea ;
v forest surface Min air Max air Mean air Rela_tlye Apr]ual_
ear o o o humidity precipitation

extent area temperature (°C)  temperature (°C)  temperature (°C) (%) (mm)

(Km?) (Km?) °
1987 73.1 2515 21.4 32.3 26.8 64.0 159.3
1988 81.4 288.9 21.9 321 26.9 65.5 207.9
1989 63.6 380.7 21.2 315 26.1 64.2 261.4
1990 67.2 401.5 21.9 32.0 26.8 66.4 138.9
1991 63.4 404.2 21.2 31.4 25.9 69.4 244.4
1992 63.3 399.6 20.7 30.7 25.6 66.7 375.8
1993 74.8 400.1 21.8 32.1 26.7 64.9 246.5
1994 65.7 271.7 21.8 32.2 26.8 66.8 33.8
1995 72.4 250.6 21.7 31.8 26.6 67.4 256.1
1996 66.7 234.0 21.7 31.8 26.5 67.2 348.3
1997 76.0 229.7 21.9 31.0 26.2 69.4 357.6
1998 734 330.1 22.3 33.1 27.4 64.8 215.4
1999 74.1 307.1 22.2 33.1 27.3 63.1 110.6
2000 78.4 230.7 21.8 329 27.1 63.6 213.7
2001 69.6 223.1 21.9 32.8 27.4 65.0 47.9
2002 77.9 2375 22.4 32.6 27.4 62.8 112.0
2003 82.3 272.5 22.1 324 27.2 61.6 82.1
2004 84.8 304.5 22.3 329 27.5 61.6 71.0
2005 67.9 373.1 22.0 32.4 27.1 62.4 153.9
2006 71.8 382.2 22.1 32.3 27.2 63.9 158.5
2007 724 405.6 22.1 32.8 27.5 63.0 69.5
2008 63.6 400.5 21.3 31.9 26.5 62.4 101.5
2009 729 321.3 22.1 32.6 27.3 63.4 200.8
2010 67.4 399.2 22.0 33.3 27.5 60.6 24.4
2011 77.2 240.2 22.2 32.6 27.2 62.3 138.4
2012 79.0 239.5 22.0 32.8 27.3 59.7 89.4
2013 75.1 311.0 22.0 31.8 26.8 64.0 62.2
2014 75.0 397.0 21.8 32.1 26.8 65.7 3144
2015 76.0 367.3 225 33.2 27.7 64.0 224.6
2016 82.4 356.0 22.0 329 27.4 65.5 56.6
2017 88.7 228.4 22.1 33.4 27.7 63.5 229.0
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Fig. 2. Yearly changes in mangrove forest extent during 1987-2017.
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Table 2. Results of Man-Kendall (MK) test and Sen’s slop estimator tests for trends of climatic
parameters, mangrove forest extent and sea surface area.

Variables Z(MK) B
Min air temperature (C°) 2.770™ 0.0186™

Max air temperature (C°) 2.066° 0.0362"

Mean air temperature (C°) 1.930 0.0300
Relative humidity (%) -1.211 0.1174
Precipitation (mm) -1.870 -3.4520
Mangrove extent (km?) 2,583 0.04054™
Sea surface area (km?) -0.120 -0.1155

"1 % level of significance **5 % level of significance.
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Fig. 3. The relationships between Mangrove forest extent with minimum temperature (A) maximum temperature (B) mean
temperature (C) relative humidity (D) precipitation (E) sea surface area (F).

The trend of the mangrove forests extent demonstrated the highest slope compared to other parameters. In other
words, the regression relationship between the extent of mangrove forests with the minimum, maximum, and
mean annual temperatures revealed a positive linear relationship between the climatic parameters and the extent
of mangrove forests; the highest correlation coefficient was related to the minimum and maximum temperatures.
The slope of the regression line of the minimum temperature and the extent of the mangrove forest (o) was the
highest. This suggests that increasing the minimum temperature showed the highest impact on the increased
mangrove forests extent. This finding was even more critical as Etemadi et al. (2018) predicted that the minimum

temperature in southern Iran would increase up to 38 °C in hot seasons in the future (2080-2099).
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Although very little information is available about the effect of warming on the physiology and phenology of
mangrove trees, the optimum temperature for the photosynthetic process of mangrove trees is 32-28 °C , where
this process is affected by temperature elevation (40-38 °C; Lacerda et al. 2002). Given that the highest and lowest
minimum temperatures during the 1987-2017 period in the study area (Bandar Abbas Synoptic Weather Station)
are 22.5°C and 20.7 °C, respectively, it is expected that by the elevated minimum temperature in the upcoming
years, the extent of mangrove forests will grow in the study area. However, many studies suggested that the extent
of mangrove forests is declining (Barros & Albernaz 2014; Carney et al. 2014; Estoque et al. 2018; Giri et al.
2014; Hamilton & Casey 2016; Lovelock et al. 2017; Murdiyarso et al. 2015; Parida et al. 2014; Richards &
Friess 2016), while many other studies, especially at higher latitudes, have shown that the extent of mangrove
forests has increased (Almahasheer et al. 2016, Armitage et al. 2015, Etemadi et al. 2018). Indeed, the elevated
regional average temperature of air or/and sea can result in the expansion of the extent of some mangrove species
to higher latitudes.
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Fig. 4. The increasing trend in the extent of mangrove forests during 1987-2017.
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The concentration of mangrove forests is currently limited by temperature (Barros & Albernaz 2014). In other
words, the direct effects of increased CO, levels and rising temperature are likely to increase mangrove
productivity, changing the phenological patterns such as the timings of flowering and fruiting, and expanding the
ranges of mangroves vegetation into higher latitudes (Ellison 2000). The spread of mangrove forests has
frequently been recorded in bays or basins of high latitudes. For example, Guo et al. (2013) reported that the
mangrove covers expanded to higher latitudes in the northern Gulf of Mexico coast, the USA in freeze-free
winters. Similarly, Armitage et al. (2015) reported that relatively mild winters on the Texas (USA) coast have led
to the expansion of mangrove forests into extent populated by salt marsh plants over the past few decades. They
concluded that climate change is expected to accelerate both the sea level rise as well as mangrove expansion.
Cavanaugh et al. (2018) by examining the relationship between EVI index and climatic parameters in mangrove
forests of North and South America concluded that there was a direct relationship between EVI index and annual
minimum temperature; the mangrove forest extended to the nearby swamp or new habitat by the elevated annual
minimum temperature. Some studies have shown that mangrove forests will possibly experience slight changes
in regions by increasing precipitation, such as Southeast Asia and the west and central coasts of Africa (Alongi
2015). However, in our study area, annual precipitation did not experience any significant alteration and we
detected no regression relationship between the annual precipitation and the mangrove forests extent. Thus, the
annual precipitation had no significant effect on the changes in the mangrove forests extent in the southern regions
of Iran.

Although the level of mangrove forests is inversely related to the increased sea surface area, mangrove forests are
most affected by temperature during this period due to the sea-level fluctuations, which showed no changes over
the past 31 years. Etemadi et al. (2018) also showed that the increase in mangrove forests did not coincide with
the elevated sea surface area in southern Iran in the east and west of Jask. They indicated that the sea surface area
has risen by 2.88 and 5.47 mm during 1990-2009 in Chabahar and 1997-2011 in Jask, respectively. The results
indicated that in short periods, an elevated sea surface area was observed, however, this area did not exhibit a
significant upward or downward trend over the last 31 years.
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Fig. 5. Changing the extent of mangrove forests from 1987 to 2017 and the range Mangrove forest of Mardo over the past
three decades (1987-1996, 1997-2006, and 2007-2017).

Notably, the first tree planting program was carried out in 2001-2002 in the Khamir port (Khoorani et al. 2015),
which can possibly affect this research results. Although separating the influence of human activities in
environmental processes from natural events is often difficult (Asbridge et al. 2016), the increasing trend in extent
of mangrove forests area have been started before 2001-2002. The ascending trend of mangrove forests extent
continued consistently in all decades within the study period (2017-1987). Meanwhile, the forestation initiatives
have been carried out only in the Khamir Port. In contrast, the elevated mangrove forest extent in the northwestern
forests of Qeshm Island has been reported (Khoorani et al. 2015). The results also showed that despite unfavorable
conditions such as increasing temperature, which caused a reduction in the extent of mangrove forests, it provided
favorable conditions for species to spread in new habitats at higher latitudes. According to our findings, the extent
of mangrove forests in Iran exhibits a significant growing trend along with elevating minimum temperature over
the past three decades.

CONCLUSION

The results showed that the minimum, maximum, and mean temperatures, as well as the extent of mangrove
forests had a significant upward trend in the study area. Furthermore, the regression relationship between
mangrove forest extent and climatic parameters exhibited that minimum temperature had the highest correlation
coefficient. Indeed, more favorable conditions are provided by rising temperature, especially the minimum
temperature in mangrove forest’s development at higher latitudes. It is expected, therefore, together with global
warming and increasing minimum temperature, the extent of mangrove forests would have a growing trend in the
south of Iran in the future. The results of this study can be used by natural resources and forest managers to
determine the best place for afforestation in order to perform better protection of these forests.
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