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Relating the changes of mangrove forests to spatially explicit reductions in rainfall amounts and in-
creases in drought occurrences is a prerequisite for improving the effectiveness and success of mangrove
forest conservation programs. To this end, we investigated the relationship between drought events
(quantified using the Standardized Precipitation Index [SPI]) and changes in area and canopy cover of
mangrove forests on the northern coast of the Persian Gulf and the Oman Sea using satellite imagery and
long-term annual rainfall data over a period of 30 years (1986—2016). Statistical analyses revealed 1998
as the year marking the most significant change-point in the mean annual rainfall values in the catch-
ments and mangroves, after which average SPI values consistently remained at lower levels. In the period
of 1998—2016, decreases in the mean annual rainfall and increases in the severity of droughts differed
spatially and were greater in the catchments and mangroves on the coasts of the Oman Sea than the
coasts of the Persian Gulf. These spatially explicit results were closely mirrored by the mangrove
response, with differential in reductions in mangrove areas and canopy cover that corresponded closely
with the spatial distribution of drought intensities in the different parts of the coasts, with correlation
coefficients >0.89 for the different coastal regions.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

For thousands of years, mangrove forests have played a major
role in the economy and sustainable livelihoods of human societies
through their unique locations at the interface of terrestrial and
aquatic ecosystems (Hamilton et al, 1989; Kaplowitz, 2001).
Despite their importance for meeting human needs, degradation
and loss of these unique coastal habitats around the world have
intensified over the past three decades, so that now more than 50%
of the world's mangrove forests have already been destroyed and
the trend appears to continue (Alongi, 2002). Among the various
factors that have influenced this negative trend, climate change
features prominently. Projected consequences of climate change,
such as changes in rainfall patterns, increased average tempera-
tures, increased concentration of carbon dioxide, sea level rise,
increased storm activities, and changes in ocean circulation
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patterns already seem to have a significant impact on the growth
and development of mangroves all over the world (Urrego et al.,
2013; Alongi, 2015; Galeano et al., 2017). Because of a close rela-
tionship between mangrove habitat conditions and rainfall, any
changes in rainfall patterns and surface water in watersheds will
have a significant impact on the growth and spatial distribution of
mangroves (Field, 1995; Ellison, 2000). Changes in structure and
function of mangroves arise from simultaneous occurrences and
synergies among multiple stressors and disturbances (Gilman et al.,
2008; Lewis et al., 2011), yet the relationship between mangroves
and drought appears to be of fundamental importance (Sakho et al.,
2011; Asbridge et al., 2016). Specifically, reduced rainfall and
increased drought occurrence can lead to increased evaporation
and salinity that can cause a reduction in net primary production,
growth and survival, changes in competitive advantages among
mangrove species, ultimately leading to further adverse structural
changes (reductions of area and canopy), loss of biodiversity, and
increased vulnerability of mangroves to other human and natural
stresses (Lovelock and Ellison, 2007; Djebou et al., 2015; Brandt
et al,, 2017).

The premise for this work is that linking changes in drought
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occurrence to the location and extent of changes in mangroves may
improve the success of conservation and restoration programs that
are an integral part of integrated coastal zone management that
seeks to identify existential threats and ensure a balance between
the economic utilization and cultural values of mangroves (Alongi,
2015). To this end, investigating severity, probability and temporal
and spatial variations of droughts is one of the most promising tools
for assessing the risk and vulnerability of natural and human en-
vironments following climate changes in different regions (Bottero
et al., 2017; Young et al., 2017). Various indicators such as the
Palmer Drought Severity Index (PDSI) (Palmer, 1965), Standardized
Precipitation Index (SPI) (McKee et al., 1993) and Palmer Hydro-
logical Drought Index (PHDI) (Karl and Knight, 1985) have been
used for assessing the effects of drought events on natural and
human systems. The easy-to-use Standardized Precipitation Index
(SPI) has been widely employed to determine the occurrence of
drought episodes and enables investigations of water deficiencies
at different spatial and temporal scales (fabedzki, 2017; Khadr,
2017; Kamali et al., 2017). To monitor temporal and spatial
changes in natural ecosystems from a variety of environmental
factors including droughts across large regions, satellite imagery is
increasingly being used (Nascimento et al., 2013; Srivastava et al.,
2015; Bamba et al., 2015; Duke et al., 2017). The advantages of
satellite images are their synoptic coverage of large areas, the
availability of low-cost or free satellite data, the availability of
historical satellite data including the repeated coverage of some
areas with remotely sensed data (Giri, 2016; Aitkenhead, 2017).
Iran's location in the desert belt (25—40° north latitude) means
that average annual rainfall amounts are about one third of the
global mean (UNEP, 1997; Rafi Sharif Abad et al., 2016) and rainfall
deficiencies and drought occurrences are frequent and severe
(Madani et al., 2016). Severe and very severe droughts in recent
years have caused significant reductions in the volume of fresh
water resources in the Middle East, and especially in Iran (NASA,
2013). Severe to extreme droughts occur more frequently in the
southern part of Iran (Gohari et al., 2017) where subtropical high
pressure systems prevent the penetration of any pluvial system
and, combined with a rise of moist air in the Persian Gulf and the
Oman Sea, make rainfall occurrences nearly impossible (Zarei et al.,
2016). Since the year 2000, mean annual rainfall and surface water
inflow to northern coastal areas of the Persian Gulf and the Oman
Sea have been reduced by 43% and 67%, respectively. Here, man-
groves that are part of the global network Man & Biosphere and one
of the most important mangrove habitats in the Middle East, cover
an area of approximately 192 square kilometers (FAO, 2007).
Despite their importance, mangrove ecosystems of Iran are
threatened by human utilization for fuel harvest, livestock grazing
or aquaculture farming, unmanaged tourism, new industrial
development (i.e., the construction of ports, marine trans-
portation), mining, and exposure to pollutants such as industrial
and municipal wastewater and oil (Danehkar, 1998; Mehrabian
et al., 2009; Zahed et al., 2010). Busy shipping lanes in the Strait
of Hormuz receive annual oil discharges of more than 1.5 million
tons, which is in addition to large amounts of oil that entered the
waters of the region during the Gulf War in 1990 and caused sig-
nificant damage to mangroves (Majnounian and Danehkar, 1998;
Danehkar, 2001; Ebrahimi and Riahi Bakhtiari, 2010) that may
take over 20 years to recover (Burns et al., 1993) and prompted the
International Maritime Organization (IMO) to designate the region
as a special marine region (PGSC, 2017). Further, populations of
introduced non-native black rats that thrive with increasing canopy
density, diameter, and height of mangroves, and availability of
seeds and lush vegetation (Ghadirian et al., 2011; Harper et al,,
2015) and decline as canopy cover of the lush mangrove vegeta-
tion decreases (Previtali et al., 2009; Russell and Ruffino, 2012;

Harper et al., 2015), destroy seeds, trunks, and branches of
mangrove trees and put further stress on the ecosystem (King,
2005; Ghadirian et al., 2008, 2011).

Although long-term drought occurrence and significant re-
ductions in rainfall on the southern coasts of Iran are among the
most important factors increasing the vulnerability of mangroves
(Mafi-Gholami et al., 2015a,b), the effects of drought occurrence on
mangroves of Iran have not been quantified yet. In this study, our
general aim was to quantify the intensities and trends of droughts
and relate those to changes in the structure of mangroves to
contribute to timely and effective actions for the protection and
restoration of mangroves of Iran. Specifically, we used satellite
imagery and long-term rainfall data (1986—2016) for the northern
coast of Persian Gulf and the Oman Sea and computed the Stan-
dardized Precipitation Index (SPI) to identify the most important
change-point year in annual rainfall that indicates a long-term
trend in drought occurrence over the 30-year period. Then, we
related the SPI and drought occurrences to spatially explicit
changes in the area and canopy cover of different mangrove forests
and adjacent catchments over the entire 30-year period and
separately for the interval before and after the change-point year.

2. Materials and methods
2.1. Study area

The study area consists of mangrove forests composed of two
mangrove species Harra (Avicennia marina) and Chandal (Rhizo-
phora mucronata) located in the Hormozgan province. Mangrove
forests of the Hormozgan province occupy the greatest remaining
area of this forest type in the country and in the entire of Persian
Gulf region, including the waters of ROPME!' region. The study area
comprises 10025.55 ha, is located on the northern coasts of the
Persian Gulf and the Oman Sea, and is distributed among seven
towns in the area (i.e., Jask, Sirik, Minab, Bandar Abbas, Khamir,
Qeshm and Bandar Lengeh). Natural mangrove forests on the
coastal areas of Hormozgan range between 25° 34’ 13” N in Gabrig
(Jask town) to 27° 10’ 54” in Koulaghan (Bandar Abbas town) and
58° 34/ 07" E in Himan (Jask town) to 55° 22’ 06” E in Bandar Lenge
town (Fig. 2). In these natural sites, mangroves occur in unmixed,
irregular and uneven-aged Avicennia associations and, in the Syric
habitat, mixed Rhizophora-Avicennia associations (IMajnounian and
Danehkar, 1998). At 25—28° northern latitudes, the region has a
warm and humid climate, with a high annual mean relative hu-
midity of more than 65 percent (Danehkar, 1998) and long-term
mean annual rainfall of about 146 mm and a mean annual tem-
perature of about 27.2 °C. The highest amount of rainfall occurs in
January and February; July is the warmest month with a mean
temperature of 34.5 °C and January is the coldest month with a
mean temperature of 18.1 °C. Recorded absolute maximum and
minimum temperatures are 7.5 °C and 48 °C, respectively.

Mangroves on the northern coast of the Persian Gulf and the
Oman Sea are classified according to geographical location,
habitat structure and geomorphology of the coast and are found in
four areas: Khamir, Tiab, Sirik and Jask (Danehkar, 2001). The
mangroves of Khamir, Tiab and Jask have been exposed to the least
amount of direct impacts by human intervention (such as har-
vesting twigs), including no afforestation. In contrast, the Sirik
habitat, which is located on the west coast of the Persian Gulf,
experienced extensive afforestation of about 500 ha with the two
species of Avicenna marina and Rhizophora mucronata in 2010. We
therefore restricted our investigation of the relationship between

T Regional Organization for Protection Marine Environment (ROPME).
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drought occurrence and mangrove changes to the areas of Khamir,
Tiab and Jask and excluded the Sirik area from this study. Finally,
to facilitate a more detailed investigation of mangrove changes,
we divided the mangrove habitats into 8 sites according to the
areas covered by each satellite image (Fig. 1).

2.2. Analyzing temporal change of meteorological drought

2.2.1. Standardized precipitation index (SPI)

In general, SPI values of different temporal scales represent
different drought impacts on water resources. SPI values that cover
short time scales (1—3 months) are indicative of changes in soil
moisture that have the potential to greatly affect agriculture. SPI
values that cover longer time scales (6 months to one year and
more) represent long-term changes in the amounts of precipita-
tion, surface- and underground waters, and water resources in an
entire region, with important implications for ecosystem func-
tioning and water resources management in human settlements
(Wu et al,, 2001). Survival and ability of mangroves to cope with
high salinity of water is dependent on the amount of rainfall and
surface freshwater entering a region from upstream catchments
(Field, 1995; Ellison, 2000). Because responses of mangroves to
changes in the amounts of rainfall and volumes of freshwater

entering mangrove forests have a three-year delay (Davenport and
Nicholson, 1993), we decided to use a 12-month average SPI in this
study to assess changes of drought occurrence and determine the
change-point in rainfall pattern. The relationship between drought
and mangroves areas and canopy cover was carried out for a
moving window of three-year intervals. For this purpose, we ob-
tained monthly precipitation data from 16 meteorological stations
in the catchments and coastal areas from the Iran Meteorological
Organization (IRMO) that covered a 30-year period (1986—2016).
To avoid confounding our results with the effect of phenological
changes of mangroves over the annual season, only satellite images
and SPI values for the month of September were used. The SPI time
series were computed following the method described by McKee
et al. (1993).

2.2.2. Trend detection

Trend analysis is an essential tool for quantifying the frequency
and severity of droughts and for analyzing the relationship be-
tween drought occurrence and the occurrence of temporal and
spatial changes in ecosystems. There are several statistical methods
for detecting trends in data series, but each method has different
strengths and weaknesses (Zhang et al., 2008). The Mann-Kendall
(MK) test (Kendall, 1975; Mann, 1945) has been recommended by
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Fig. 1. Geographic location of mangrove habitats on the northern coasts of the Persian Gulf and the Oman Sea.
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Fig. 2. Changes in drought intensity in the 30-year study period (1986—2016) based on one-year SPI values for September in 16 meteorological stations in the catchments and
coastal areas. SPI values above 2 indicate extreme wetness, between 2 and 1 severe to moderate wetness, between 1 and -1 normal conditions, between —1 and —1 moderate to

severe droughts, and below —2 extreme droughts.

the World Meteorological Organization (Mitchell et al., 1966). The
MK test is one of the most widely used tests for detecting trends in
time series of climate variables (Zhang et al., 2012) and was
employed in the MAKESENSE 1.0 environment in this study to
detect a trend in SPI values.

2.3. Change-point detection in rainfall values

In addition to quantifying a potential trend in drought over
time, identifying the change-point or breakpoint in a trend allows
a more accurate interpretation of the consequences of drought
occurrence and changes in rainfall patterns on ecosystems (Chu
et al,, 2012). In general, a change-point is defined as the point in
time when the frequency distribution of a variable significantly
changes direction for a time (Lubes et al., 1998). Among several
break tests such as the Pettitt (1979), Buishand (Buishard, 1984),
Lee and Heghinian (1977) and Hubert (Hubert et al., 1989) tests
that enable detection of changes in a data series, the Pettitt-Mann-
Whitney test has been most commonly used for determining the
change-point in rainfall and discharge time series data (Kiely,
1999; Nazemosadat et al., 2006; Eslami-Andargoli et al., 2009).
This test is a version of the non-parametric Mann-Whitney two-
sample test (Pettitt, 1979) that considers the time series as con-
sisting of two samples, i.e., the period before and after a change.
The objective of the test is to determine the probability that a
given point is a change-point in time series of different lengths
(e.g., annual, 6-month, seasonal or monthly) (Maftei et al., 2012).
In this study, we calculated the probability for a change-point in a
time series using the Pettitt—Mann—Whitney-Test (¢ = 0.05) to
identify the year in which the most significant change in annual
rainfall amounts occurred and used the cumulative sum method
(CUSUM) in the Change Point Analyzer (CPA) software to identify
the most significant change-point. The CUSUM method is a simple
and tangible method that was originally developed for controlling
industrial processes (Barratt et al., 2007), can be used in trend data
regardless of the nature of data (Chelani, 2011), and has been used
in environmental monitoring programs for detecting the change-
point in time series of environmental variables (Carslaw et al.,
2006; Barratt et al., 2007; Andersen et al., 2009), including cli-
matic variables (Kampata et al., 2008; Li et al., 2008; Eslami-
Andargoli et al.,, 2009; Chowdhury and Beecham, 2010; Chu
et al., 2012; Maftei et al., 2012). Finally, after identifying a change-
point, the significance of the change at that point was confirmed
with a t-test by comparing the means of annual rainfall before and
after the identified year.

2.4. Mangrove change detection

2.4.1. Data sources

Ninety Landsat satellite images (path/row # 158/042, 159/041
and 160/041) for the month of September were obtained for a 30-
year period (1986—2016). Landsat images were used because of the
limited availability of satellite images with higher resolution. Since
cloud cover reduces the image quality and causes errors in
detecting the phenomena of interest in the images, we used only
images from the Landsat satellite archive that were free of cloud
cover. Further, only images from the month of September when the
sea level was at low tide were analyzed to prevent potential bias
due to phenological differences arising from the change of seasons.
For each year in the 30-year image time series, the mean values of
area and canopy cover of mangrove forests were calculated.

2.4.2. Image analysis

Determination of exact boundaries of mangrove forests is an
important first step for assessing changes over time and requires
that images are geometrically corrected for very high precision.
Although Landsat C images are generally characterized by good
geometric precision, we recorded a total of 250 ground control
points using GPS with good distribution throughout the study area
to ensure maximum possible accuracy. For detection of the image,
Landsat C images of 2016 with a root mean square error lower than
one pixel (in this study, RMS = 0.143) were georeferenced with the
IDRISI software. Finally, the corrected images of Landsat C were
used for geometric correction of Landsat TM images taken in 1986
and 1998. None of the RMS values of the Landsat TM images in any
of the corrections was higher than 0.18. All images were geo-
referenced to UTMWGS-1984 Site 40N projection and datum.

2.4.3. Image classification

Maximum likelihood estimation is one of the most efficient
classification methods for extracting mangroves from satellite im-
ages with medium spatial resolution (Wang et al., 2004; Giri et al.,
2011; Nguyen et al., 2013). Hence, we used supervised classification
with a maximum likelihood algorithm for image classification and
extraction of mangrove vegetation. To separate mangroves from
surrounding water and coastal land areas and to draw the final
borders of the study sites, the NDVI vegetation index, which is one
of the best and most widely used indices for quick and easy iden-
tification of green vegetation from surrounding areas, was
computed (Richard and Poccard, 1998; Seto and Fragkias, 2007; Vo
et al., 2013). After preparing the NDVI and using false color com-
posites by bands of green, red and near-infrared, images were



D. Mafi-Gholami et al. / Estuarine, Coastal and Shelf Science 199 (2017) 141—151 145

classified using supervised classification. In addition, to maximize
the accuracy of the boundaries of mangroves, the off-shore (ma-
rine) borders of mangroves were manually digitized using precise
visual interpretation on a scale of 1:10,000 and with the help of a
team of experts. Finally, we used onscreen digitization, which is one
of the best approaches for extracting boundaries of fringe man-
groves when using medium resolution satellite imagery (Wang
et al., 2003; Ellison and Zouh, 2012; Nguyen et al., 2013).

2.4.4. Post-classification analysis, accuracy assessment and social
survey

A post-classification filtering process was applied to remove
isolated pixels or noise from the classification outputs. The filtered
classified images were used as the final land-use map for each year.
For accuracy assessment of the maps derived from the classified
images of 2015 and 2016, 210 sampling plots with dimensions of
30 x 30 m (900 square meters) were established throughout the
study area and the landward and seaward edges of mangroves.
Further, aerial photos, land use maps and Quickbird images of the
years 1985, 1992, 1995, 2001, 2004, 2009 and 2012 were used to
assess classification accuracy of other mangrove maps. Following
recommendations by Eslami-Andargoli et al. (2010) and Nguyen
et al. (2013), stratified random sampling was used to assess the
classification accuracies of the final maps, which enables the
computation of user accuracy, producer accuracy and overall ac-
curacy for maps. Mangrove areas were computed for sub-sites, sites
and each habitat area. Finally, the mean annual rates of change in
mangrove areas were computed for the period before and after the
break-point in the time series of annual precipitation. To aid in
interpreting our results of changes over time in the areas of man-
groves, we compared our results to the results of previous studies
(Mahdavi et al., 2005) and conducted face to face interviews with
indigenous people and experts. For this purpose, 25 people aged
between 50 and 60 years who resided in the region for more than
30 years were interviewed and their comments used to place our
results in context.

2.4.5. Mapping mangrove canopy cover percentage

In general, there is a high correlation between Normalized Dif-
ference Vegetation Index (NDVI) and mangrove canopy closure
(Jensen et al., 1991). To investigate the changes over time in percent
canopy closure of mangroves, we followed the method by Giri et al.
(2007) that uses the range of changes in NDVI values as a proxy for
the changes in mangrove canopy closure. Following the computa-
tion of NDVI values for all images, NDVI values equal to 0.2
(NDVIpin) and 0.7 (NDVIhax) were assumed to represent open and
closed mangrove forests, respectively. The NDVI range of 0.5 was
then used to scale percent canopy closure between 0% and 100%,
where 0% corresponds to the NDVI, and 100% corresponds to the
NDVIax. Finally, annual changes in percent of mangrove canopy
closure were computed for the 30-year study period for the habi-
tats of Khamir, Tiab and Jask. Because of variation in atmospheric
conditions at the time of capturing the images in different years,
the reliability of absolute values of canopy closure was enhanced by
visual confirmation of the validity of the canopy closure using re-
sults of National Iranian Mangrove Forest document (CENRS, 2010),
Quickbird images of 2004, and field surveys conducted in 2015 and
2016.

2.5. Analysis of the relationship between SPI and magrove area and
canopy changes

In this final step, Pearson correlation coefficients were used to
relate SPI values to the mean area and mean canopy cover of
mangroves during the 30-year study period in each of the habitats

of Khamir, Tiab and Jask.
3. Results
3.1. Spatial and temporal patterns of SPI

The depiction of one-year SPI values shows the temporal dy-
namics of below and above normal precipitation distribution
throughout the study area (Fig. 2). After a moderate to extreme wet
period that lasted until the late 1990s, significantly reduced SPI
values were observed in the period between 1998 and 2016 that
indicate severe and extreme droughts. Based on the temporal
patterns of wet and dry years, the 30-year time series of SPI values
can clearly be separated into two time periods: a 12-year period
between 1986 and 1998 when almost all years exhibited positive
SPI values with moderate to extreme wet years and an 18-year
period between 1998 and 2016 when generally negative SPI
values between O to less than —2 reflect a significant decrease in
annual rainfall and a long-term and severe drought period.

Major parts of the study area were characterized by decreasing
SPI values, indicating that the drying tendency dominated major
parts of the region and that the intensity of droughts increased
during the period of 1986—2016 (Fig. 3). Sub-basins and coastal
areas of the central and eastern parts (i.e., habitats of Tiab and Jask)
had a greater tendency for drought than the western parts (i.e., the
Khamir habitat). Eastern catchments and coastal areas (i.e., the Jask
habitat) had the highest absolute Z-values (|Z | > 3.80) and
exhibited the greatest and most significant tendency for drought
among all study areas.

3.2. Rainfall values analysis

The Pettit-Mann-Whitney method revealed that 1998 was the
year with the highest probability of being the main change-point
year in the 30-year time series of annual rainfall in all of the 16
synoptic climate stations (Fig. 4). There was a significant change in
mean annual rainfall before and after 1998 with a reduction be-
tween 44 and 83 percent (P < 0.01). This was confirmed by the
CUSUM method (Fig. 4) and t-tests that revealed statistically sig-
nificant differences of mean annual rainfall between the two pe-
riods pre- and post-1998 across all weather stations (p < 0.005)
(Table 1).

3.3. Analysis of mangrove area and canopy closure changes in the
periods pre- and post-1998

Overall accuracy, user accuracy and producer accuracy of all
classified images consistently exceeded 90%, which indicates a high
level of accuracy in the classification and mapping of mangroves.
The analysis of the time series of satellite images showed signifi-
cantly different trends in mean annual rates of change in area and
mean canopy cover of mangroves in the different habitats between
the periods of pre- and post-1998 (Table 2 and Fig. 5). Before 1998,
mean annual rates of change in mangrove areas were positive in all
sites in all three habitats (i.e., increasing areas), which changed to
consistently negative values in all sites in all three habitats after
1998. The mean annual rates of area changes for the all three
habitats combined showed gains of 1.99 ha yr~! pre-1998 and
losses of —1.25 ha yr—! post-1998, resulting in a significant differ-
ence between the two periods (p < 0.001). Site 2 in the Khamir
habitat exhibited the greatest annual rates of area increase among
all habitats and sites in the pre-1998 period (Table 2). Overall, the
Khamir habitats showed the greatest change in area between pre-
1998 and post-1998 of all habitats. All sites in the Tiab habitat
and the Jask habitat exhibited negative rates of change in areas
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Fig. 4. Result of the Pettitt—Mann—Whitney-Test (probability for the change-point) and the CUSUM for annual rainfall across the study area, which identified 1998 as the change-
point year.

Table 1
Changes of mean annual rainfall pre- and post- 1998.
Station Year Mean annual rainfall Mean annual rainfall Reduction in mean annual rainfall p-value
(Change point) Pre-1998 Post-1998 (%)
(mm/yr) (mm/yr)
Bandarabbas 1998 163.94 91.57 44 0.002
Minab 1998 237.71 125.89 47 0.002
Gheshm 1998 205.02 78.40 62 0.003
Jask 1998 188.20 73.37 61 0.001
Chabahar 1998 121.87 20.19 83 0.000
Lengeh 1998 170.82 83.05 51 0.004
Sirik 1998 260.44 100 62 0.000
Abumusa 1998 138.35 63.45 54 0.002
Darab 1998 251.73 130.52 48 0.001
Dayer 1998 344.19 137.54 60 0.005
Hajiabad 1998 325.11 125.31 61 0.004
Kahnuj 1998 256.33 128.31 50 0.002
Kish 1998 199.41 93.52 53 0.006
Lar 1998 249.64 136.15 46 0.002
Lamerd 1998 274.19 158.23 44 0.001

Siri 1998 164.65 74.63 55 0.005
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Table 2
Mean annual change in mangrove area and mean canopy cover pre- and post-1998 at all three study habitats.
Study Site Mean annual rate of area change pre-1998 Mean annual rate of area change post-1998 Mean of canopy closure pre- Mean of canopy closure post-
Habitats (hayr™) (hayr 1) 1998 (%) 1998 (%)
Khamir 1 147 -0.91 80 73.25
2 765 -0.75 92 85
Tiab 1 228 -0.95 91 84.2
2 3.04 -0.55 89.6 84.3
3  0.62 —0.63 89 72.9
Jask 1 039 -1.57 81 70
2 013 -1.75 79.6 67
3 044 -1.80 72.2 61.2

post-1998, with the greatest overall annual rate of reduction in area
(=171 ha yr~') observed in the Jask habitats and the maximum
annual rate observed in Site 3 (Table 2).

Similarly, mean mangrove canopy cover decreased in all sites of
all three habitats between the post-1998 to the pre-1998 periods
(Table 2). Averaged over all three habitats, mean percent canopy
covers of 84.3% (pre-1998) and 74.73% (post-1998) differed signif-
icantly between the two periods (p = 0.001) and decreased by
9.57%. Smallest (5.3%) and greatest (12.6%) reductions were
observed in site 2 (Tiab) and site 2 (Jask), respectively. On average,
the Tiab habitat exhibited the lowest reduction (5.98%) and the Jask
habitat the greatest reduction (11.55%) between pre-1998 and post-
1998 (Table 2).

3.4. Analysis of the relationship between SPI and mangrove area
and canopy cover changes

Averaged over three-year intervals, mangrove areas and canopy
cover were significantly related to SPI values in all three study areas
(all p-values < 0.001) and decreased with decreasing SPI values
(i.e., reduced annual rainfall and more droughty conditions). The
coefficients of determination of each linear regression (R?) excee-
ded 0.89 in all three habitats (Table 3).

4. Discussion

The strong climate signal in this study revealed a clear trend of
decreasing SPI values and annual amounts in rainfall and, com-
bined with simultaneous reductions in mangrove areas and canopy
cover on the northern coast of the Persian Gulf and the Oman Sea,
indicate that climate change has already resulted in adverse effects
on mangrove forests (Gilman et al., 2008; Eslami-Andargoli et al.,
2009; Alongi, 2015). Following the expansion of mangroves in all
three studied habitats during a wetter period prior to 1998, their
extent and canopy cover declined steadily with the onset of sudden,
regular, and significant reductions in annual rainfall and increased
severity and duration of droughts. The change-point year in the 30-
year time series of annual rainfall (1986—2016) was determined
using time series analyses of both SPI and annual rainfall, and did
not arbitrarily divide rainfall time series into 10-year periods
(Wilton, 2002) nor limit the analysis to annual rainfall data without
using long-term drought data (Eslami-Andargoli et al., 2009). This
may explain why the change-point year of 1998 coincides well with
increased activities of subtropical high pressure systems (Halabian
and Shabankari, 2010) that prevent the penetration of pluvial sys-
tems inland and can cause severe to extreme droughts on the
northern coast of the Persian Gulf and the Oman Sea (Zarei et al,,
2016). Since 1998, extensive, severe, and continuous drought oc-
currences have been reported for all regions of Iran and are likely
due to the effectiveness and continuity of the strongest La Nina of
the last half century (Barlow et al., 2002; Wilton, 2002). In a similar

study conducted in the Morton Bay, the main change-point year in
a 32-year time series of rainfall (1972—2004) was the year 1990,
and the ensuing drought occurrence between 1990 and 2003 has
been attributed to the El Nino phenomenon (Eslami-Andargoli
et al., 2009). However, changes in mangrove areas along the
coasts of Morton Bay, a region with the same rainfall pattern as in
our study area, were more variable (Eslami-Andargoli et al., 2009)
and lacked the strong correspondence between mangrove area
reductions and increasing drought intensities and changes in
rainfall pattern seen in this study.

Overall decreases in mangrove areas of —1.11 hayr~! are similar
to the —1 ha yr~! reported for the 10-year period between 1994 and
2004 by Mahdavi et al. (2005). The decreases were spatially vari-
able across the region, however, and closely followed the spatial
rainfall distribution pattern and intensity of droughts, with more
intense declines in rainfall, more severe drought occurrences, and
greater mangrove losses in the eastern catchments and coastal
areas of the Sea of Oman (—1.71 ha yr~! [Jask]) compared to the
central and western shores of the Persian Gulf (—0.83 ha yr~!
[Khamir] and —0.71 ha yr~! [Tiab]; Fig. 3). A similar pattern with
increasing droughts was seen for mangrove canopy cover, which
might be an early warning sign of future area loss. While decreasing
SPI values, rainfall amounts, surface water flows, and more frequent
droughts are the ultimate causes for the reductions in area and
canopy cover of mangroves associated with climate change, the
proximate causes such as changes in the water salinity, amount of
nutrients, and sediment in mangrove beds (Ellison, 2000; Eslami-
Andargoli et al., 2009; Lewis et al., 2011; Djebou et al., 2015;
Brandt et al., 2017) more directly impact growth, structure and the
spatial distribution of mangroves (Snedaker, 1995; Field, 1995;
Ellison, 2000) and might help explain some of the differences in
the responses among the three habitats in this study and between
this and other studies.

The combination of a semi-desert climate, exposure to increased
air temperatures, reduced rainfall, long-term droughts, and a
reduction in surface runoff and freshwater flow into coastal areas
can lead to ~6 times higher evapotranspiration rates than the
combined rainfall and river discharge rates (INIOAS, 2017a), which
caused large increases in sea water salinity in all studied habitats in
excess of tolerance levels of mangrove species (Bahrami Samani
et al., 2010; INIOAS, 2017b). This may at least partly explain the
retrogression of the landward margins and the loss of area of
mangroves in this (Fig. 5) and in other parts of the world (Field,
1995; Ellison, 1993, 2000; Ellison and Farnsworth, 2001;
Woodroffe, 1995). Increased salinity, which might even rise
further given the documented long-term trends in the variation of
temperature and salinity levels of the world's open waters (Bindoff
et al., 2007; Talley et al., 2015), has been shown to reduce growth
and production, and increase the vulnerability of mangroves to the
effects of climate change (Saenger and Snedaker, 1993; Snedaker,
1995; Ball, 2002).
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Table 3
Relationships between SPI and mangrove area and canopy cover changes in the Khamir, Tiab and Jask habitats.
Khamir Jask Sirik
Area Cover SPI Area Cover SPI Area Cover SPI
_ — — — — — 0.90° 0.96% 1 SPI Sirik
_ — — — — - 0.90° 1 0.967 Cover
_ - — — - — 1 0.90° 0.90° Area
_ — — 0.91° 0.89° 1 — - — SPI Jask
_ - - 0.88* 1 0.89° - - — Cover
_ - - 1 0.88° 0.91°¢ - — — Area
0.93° 0.94% 1 - - - - - - SPI Khamir
0.85% 1 0.94° - - - - - - Cover
1 0.85% 0.937 - - — — - — Area

2 Correlation is significant at the 0.01 level (two-tailed).

Sea currents, tidal ranges, and sea level also affect coastal
erosion and sedimentation in mangroves (Furukawa et al., 1997).
More powerful sea currents along the Oman Sea may explain
higher levels of coastal erosion and mangrove loss [Jask] than on
the coasts of the Persian Gulf and in the Strait of Hormuz [Khamir
and Tiab] (Nohegar and Hosseinzadeh, 2011). Sea level rise induced
by climate change also affects ecosystem changes, zonation, and
vulnerability of mangroves (Ellison, 2000, 2008; McKee et al., 2007;
Gilman et al., 2007; Soares, 2009; Urrego et al., 2013), but its effect
on mangroves is relative to concurrent sedimentation rates. Rela-
tive to sedimentation rates of 62 mm yr~! [Khamir] and
7.3 mm yr~! [Tiab] (Etemadi, 2014), the 4.6 mm yr~' sea level rise
predicted by regression models covering the 36-year period be-
tween 1980 and 2016 indicate that mangroves are able to keep pace
with the relative sea-level rise in the Persian Gulf. In contrast,
sedimentation rates of 3.1 mmyr~! [Jask] (Etemadi, 2014) are lower
than the rate of sea level rise of 5.5 mm yr~! in the Oman Sea and
may explain the greater loss of mangrove area in this habitat in
recent years.

In addition to direct and indirect effects of climate change, site-
specific characteristics and local environmental factors that include
geomorphological characteristics, wetland microtopography, hy-
drological dynamics of surface and groundwater, upland habitat
sediment composition, and human activities that result in different
degrees of catchment modification (Ellison, 2000; Eslami-
Andargoli et al., 2009; Lewis et al.,, 2011; Djebou et al., 2015;
Brandt et al., 2017) likely affected coastal sedimentation differen-
tially in the three habitats in this study. Geomorphology of the
upstream catchment areas and the freshwater delivery by the rivers
that drain them can strongly affect sedimentation rates and the
expansion and spatial patterns of deltaic mangrove forests
(Danehkar, 2001). Whereas the rivers Mehran, Minab, Shoor and
Kal [Khamir and Tiab] continue to deposit large amounts of sedi-
ments from the easily erodible Makran formation into the shallow
beds of the mangroves and enhance the development of coastal
plains (Danehkar, 2001; Nohegar and Hosseinzadeh, 2011), the
construction of a dam on the River Jagin in 2008 [Jask] has caused a
significant decline in the historically large sediment delivery
following rainfall events and torrential flows, which might have
contributed to a doubling of mean annual rates of areal decline and
halving the sedimentation rate in Jask compared to Khamir and
Tiab. Dam construction has consistently resulted in a smaller, lower
quality mangrove ecosystems due to changed flow paths of rivers
and altered volume flows and sedimentary loads to downstream
coastal areas (Hashimoto, 2001; Dahdouh Gubas et al.,, 2005;
Ellison and Zouh, 2012). Geological characteristics at the distance
between the axial length of the folding and the coastline as well as
slope differences of the foreshores can further enhance

sedimentation rates on the coastal bed if rivers that enter the
coastal plain encounter a decrease in slope [Khamir and Tiab]
compared to areas where the slope remains steeper [Jask].

We conclude that this study revealed a strong climate-induced
signal that directly affected mangrove ecosystems through re-
ductions in annual rainfall and increases in drought occurrences,
but that other causes indirectly related to climate change such as
changes of sea water salinity and sea levels as well as human ac-
tivities such as dam construction and may have exacerbated
adverse climatic effects. The analytical method of simultaneously
using time series of SPI values and annual rainfall values employed
in this study may serve as a basis for investigating the effects of
spatial and temporal changes of droughts on other mangrove
ecosystems around the world. Specifically, the identification of
1998 as the change-point year at which rainfall patterns shifted in
this study may prove useful to climate scientists who may attempt
to cross-date related phenomena or to mangrove scientists inter-
ested in the speed of mangrove responses to droughts. Based on
forecasts that predict reduced rainfall amounts at low latitudes and
subtropical areas due to climate change (Solomon et al., 2007), the
use of satellite imagery and atmospheric general circulation models
is a powerful tool to detect spatially explicit changes in mangrove
conditions in subtropical regions and low latitudes in a timely
manner.
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