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ABSTRACT

Under the current scenario of diminishing Indus River flows and changing the climate, the Indus Delta,
the world’s 5™ largest delta which has undergone rapid changes in water bodies and vegetative cover
since last few decades, is under serious risk of losing its ecological functions. Assessing the temporal
variation in vegetative cover and water bodies of the Indus Delta is essential for the future planning and
ecosystem management in this region. The present study quantified the temporal patterns of the surface
water bodies and vegetation cover, including crops, mangroves and other natural vegetation in the Indus
Delta, by using field survey and remote sensing technique during the last 27 years. Results showed that
the area covered by vegetation declined from 3002.35 km* (22.98% of the entire delta) to 2817.03 km>
(21.56%) from 1990 to 2017, within which the area covered by mangrove forests declined from 1032.49
km? (7.90%) to 812.55 km? (6.22%). However, the area of water bodies increased from 1611.67 km?
(12.39%) to 3007.15 km? (23.8%) in the same period. The reduction in freshwater flow to the delta,
surface and subsurface seawater intrusion from the Arabian Sea and irrigation waters are the potential
causes. The study would be helpful for policymakers to mitigate negative impacts and protect the ecosystem
of the Indus Delta.
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INTRODUCTION

e surface of the earth is experiencing rapid
changes in land-use/cover due to natural and
anthropogenic activities [1]. Land use and land

cover are two separate terms which are often used
interchangeably [2-4]. The land cover defines the earth’s
physical features such as vegetation, water, soil, etc.,
while land use denotes to land utilized by the people for

human activities [2]. Rapid growth in population,

expansion in urbanization, advanced technologies are the
drivers of land-use/cover changes around the globe [5].
Knowledge of accurate and updated information about
the changing patterns of land-use/cover and natural
resources is important for future planning and

management [6].

Land-use/cover changes are one of the main causes of

climate change through the modification of carbon, water,
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and energy cycles [7]. As a result, agricultural lands,
vegetative lands, forests, water bodies, as well as mineral
resource lands are changing continuously throughout
the globe [8]. At present, analysis for land-use/cover
changes has become one of the major concerns for
researchers, policy makers for sustaining and controlling
environmental changes around the world [9]. Chatterjee
and Razuiddin [10] reported that mapping the variations
in ecological features is essential for proper planning,
monitoring, and management of resources. Alphan [11],
Muttitanon and Tripathy [12] also reported that
information about changes in land-use/cover is necessary
to update land cover maps for effective management and
planning of the resources for sustainable development.
The advanced development of the geographical
information system (GIS) and remote sensing (RS)
technologies help in the accurate measurement of such
ecological resources [8]. Some studies [8,13] have stated
the usefulness of GIS and RS techniques in land-use/
cover change detection. Digital change detection
techniques based on multi-temporal and multi-spectral
remotely sensed data have demonstrated great potential
for understanding landscape dynamics-detect, identify,
map, and monitor differences in land-use/cover patterns

over time, irrespective of the causal factors [14].

Due to climate change, arid and semi-arid areas of the
world are under serious threat in the context of water
scarcity and land degradation [15]. Pakistan is said to be
one of the most vulnerable countries to climate change
[16]. The literature reveals that during the current century,
rainfall patterns, and river flows will be reduced, sea levels
will rise all over the world [15]. The projected sea level
rise of 180 to 590 mm will directly affect the Indus River
Delta, which is the world’s 5™ largest delta [17] with an
active area of about 0.6 million hectares [18]. Due to dam
construction and increasing water demand for irrigation
and industry, the amount of freshwater flow into the Indus

Delta significantly decreased [19-21]. As a result, saline

water from the Arabian Sea is intruding into the delta at
an alarming rate [20]. Many fertile lands have already
degraded, fresh groundwater resources are converted into
brackish water, and other adverse impacts are also vivid
on vegetation, mangrove, water bodies and socioeconomic
conditions of the people living in the Indus delta [19-20].
The mangrove forests are the backbone of the delta’s
ecosystem, providing a breeding ground and food for
various species of fish and shrimps that are a key part of
Pakistan’s fisheries exports [20]. Besides this, mangrove
performs as a defense line against storms, cyclones, and
Tsunamis; contribute firewood and fodder for livestock;
provide nourishing livelihood to local people living in
the Indus Delta.

The area under the vegetation, mangroves forests, as
well as water bodies, is continuously changing due to
natural as well as anthropogenic activities. Studies on
the changes in different land uses are important for forest
monitoring and in overall environmental monitoring [22].
Thus, the present study was conducted to quantify the
temporal dynamics of the vegetation, mangroves, and
water bodies in the Indus Delta for the last 27 years (1990
to 2017). The outcomes of the study would be helpful for
policymakers and planners to mitigate adverse impacts
of seawater intrusion and climate change to save the

ecosystem of the Indus Delta.
2. MATERIALS AND METHODS

2.1 Description of the Indus River Delta

The Indus River Delta stretches in southern districts viz.
Thatta and Sujawal of the Sindh province of Pakistan
(Fig. 1). According to Ramser Convention on Wetlands
1971, Indus Delta is classified as the 5% largest delta of
the world [23], which comprises of seventeen major and
numerous minor creeks. Among them, some of the major
creeks are Chhan, Daboo, Danpora, Hajamro, Kajhar,
Kanhar, Khai, Khober, Patiani, Phitti, Shahjee Wari,
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Turishan, Khuddi, Kharak, and Sir Creeks, etc. Agriculture
and fishing are the main sources of earning for most of
the local communities. The delta contains largest
mangrove forests which provide shelter to many birds,
as well as Indus Dolphin. The area receives on an average
annual rainfall of about 220 mm, whereas, the temperature
in the area fluctuates between 23.8 to 28.7 °C [24-32]. Due
to the building of huge irrigation and hydropower
networks in the Indus basin, the delta gets an inadequate
amount of fresh water to maintain the ecosystem of the
delta. As a result, the ecosystem of the delta is under
serious threat. The area was once famous for its prosperity
but now counted as one of the poorest areas of the
country. The local people are migrating from their native
places to safe areas in the search for shelter and food.
Shortage of freshwater flow in the river and intrusion of
saline water from the Arabian Sea into the delta are

reported as the main causes of degradation of the delta.

2.2 Data sources

For assessment of the area under vegetation, mangroves,
and surface water bodies, a geo-referenced field survey
was carried out in the entire delta during 2016-2017 using
the Garmin GPS MAP 62s system [33]. A study proforma
was developed for recording the data. The proforma
included information on geo-position (latitude and
longitude coordinates), village/union council name, crop
type, mangroves, and surface water bodies. The proforma
was duly filled during the field visits. About 30 samples
of each class such as vegetation, mangrove, and surface

water bodies were recorded randomly.

For temporal analysis of water and vegetation, satellite
imagery of Landsat-5, Landsat-7, and Landsat-8 of the
delta for 27 years from 1990 to 2017 (Table 1) was collected
from the USGS (the United States Geological Survey)
portal (http://glovis.usgs.gov).
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FIG 1. LOCATION MAP OF THE INDUS DELTA
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2.3 Vegetation and water indices

Different vegetation and water indices viz., normalized
difference vegetation, ratio vegetation, normalized
difference water, normalized differential pond indices were
used in the present study. These indices are briefly
described in Table 2.

24 Extraction of Area of Interest (AOI) and

Its Classification

ArcGIS 10.3.1 software was used to process the acquired
Landsat imagery of the delta. The “Extraction by Mask”

tool was used to extract the study area (AOI) from the
entire scene [36]. The AOI classified using maximum
likelihood supervised and unsupervised classification.
The area was thus trained for three classes’ viz.
vegetation, mangrove cover, and water bodies. The area
under each created class was calculated by converting
the raster data into polygons and then adding the area
of all polygons of the same class [36]. However, the
variation trends were determined using Pearson

correlation analysis.

TABLE 1. LANDSAT SATELLITE IMAGERY USED IN THE STUDY

S. No. Year Acquisition date Path Row DOY d Os

1 Feb., 10 151a 41 0.98680 37.253531
1990 43

2 Feb., 17 152a 48 0.98814 38.963608

3 Feb., 24 151a 55 0.98959 39.025413
1995 43

4 Feb., 15 152a 46 0.98768 36.720616

5 Feb., 14 151b 45 0.98755 43.035698
2000 43

6 Feb., 05 152b 36 0.98596 40.742568

7 Feb., 27 151b 58 0.99036 46.663667
2005 43

8 Feb., 18 152b 49 0.98835 43.919991

9 Feb., 09 151b 40 0.98662 41.729947
2010 43

10 Feb., 16 152b 47 0.98794 43.632710

11 Feb., 15 151c 46 0.98774 44.574501
2015 43

12 Feb., 06 152¢ 37 0.98602 42.179202

13 Feb., 20 151c 51 0.98881 46.110403
2017 43

14 Feb., 11 152¢ 42 0.98698 43.506486

a Landsat 5; , b Landsat 7, ¢ Landsat 8

TABLE 2. DESCRIPTION OF VEGETATION AND WATER INDICES

Vegetation Indices

Water Indices

Normalized difference vegetation index
(NDVI)=Near Infrared-Red/Near Infrared+Red
The index values usually vary between +1 to -1. However,
a value of +1 represents a vegetated area, whereas -1
represents the non-vegetated area.

Normalized difference water index
(NDWI)=Green-Near Infrared/Greent+Near Infrared
For this index, values >0 represent the water bodies,
while the values <0 or equal to 0 are assumed to represent the
non-water bodies [34].

Ratio Vegetative Index
(RVI)=Red/Near Infrared
The index values usually vary from zero to infinity, however,
values <1.0 represent a vegetated area, whereas >1.
0 represent the non-vegetated area.

Normalized differential pond index
(NDPI)= Shortwave Infrared-Green/Shortwave Infrared+Green
It is also used to estimate the area under water bodies [35].
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3. RESULTS AND DISCUSSION

3.1 Quantification of Temporal Variation in

Vegetation cover

Fig. 2 shows the vegetation masks of the Indus Delta
for different years, i.e., from 1990 to 2017. Statistical
summary of the temporal dynamics of the vegetation
calculated using different geospatial techniques is
described in Table 3. Analysis revealed that on average,
about 3002.35 km? (22.98%) area of the delta was covered
with vegetation in 1990. This declined to 2990.69 km?
(22.89%) in 1995, whereas, it increased to 4142.39 km?
(31.7%) in 2000, 4134.72 km? (31.64%) in 2005, 4701.29
km? (35.98%) in 2010. This increment in vegetation from
3002.35 km? (22.98%) to 4701.29 km? (35.98%) during the
last 20 years might be due to the plantation of several
mangrove trees by the government, NGOs, Forest
department [23]. No any specific trend of variation is
observed. However, the mean area under vegetation
declined to 2568.40 km?(19.66%) in 2015, and this area
increased to 2817.03 km? (21.56%) in the year 2017.
Changes in climate pattern have resulted in dramatic
changes in the vegetation [17]. The change in vegetation
is not only due to land degradation, but the increase in

temperature is also affecting it significantly [23].

Overall the area of the delta under vegetation is slightly
declined from 3002.35 km? (22.98%) t0 2817.03 km?*(21.56%)
in the last 27 years, i.e., from 1990 to 2017. Graphical
representation of such variations in the delta is portrayed

in Fig. 3.

The increase in vegetative cover in 2010 might be due to
massive mangrove plantation on vast tidal floodplains
by different NGOs, Forest Department, Government of
Sindh, and Civil Society. Statistical analysis revealed no
specific trend in the temporal variation of vegetation as it
increased gradually from 1990 to 2010, but later it

decreased significantly.

3.2 Quantification of Temporal Variation in

Mangroves

Table 4 shows the temporal variation in the area under
mangroves quantified through supervised, unsupervised
techniques and vegetation indices from 1990 to 2017.
Graphical representation of such temporal change is
shown in Fig. 4. It showed that on average about 1032.49.5
km? (7.90%) area of the delta was covered with mangrove

forests in 1990. However, it decreased to 631.6 km? or

1990 J 1995

......

FIG 2. VEGETATION MASKS OF THE INDUS DELTA FOR
DIFFERENT YEARS (1990-2017)
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4.83% of the total geographical area of the delta in 2005. be due to massive mangrove plantation on vast tidal plains
Then it increased to 812.55 km? (6.22%) in 2017. The by NGOs, Forest Department, Government of Sindh, and
increase in mangrove forests cover in 2010 and 2015 might Civil Society in 2009 and 2013 [23,37].
TABLE 3. STATISTICAL SUMMARY OF THE TEMPORAL VARIATION IN THE VEGETATION OF THE INDUS DELTA
(1990-2017)
ver | chmetiation | cheaton | NPV | RV | e " soe | se -
kmr? kn? km? km? kn?
1990 3104.46 2850.41 3053.54 3000.98 3002.348 22.98 402.11 201.05 394.056
1995 2884.46 2941.34 3147.65 2989.3 2990.688 22.89 194.23 97.11 190.339
2000 4113.75 4056.13 4258.93 4140.74 4142.388 31.70 191.19 95.6 187.366
2005 4107.76 3986.01 4293.44 4151.66 4134.718 31.64 173.8 86.9 170.323
2010 4585.68 4717.09 4801.36 4701.02 4701.288 35.98 130.24 65.12 127.632
2015 2604.7 2509.72 2590.07 2569.09 2568.395 19.66 72.9 36.45 71.439
2017 2885.06 2648.94 2823.54 2910.57 2817.028 21.56 229.39 114.7 224.801
STD*- Standard deviation, SE*- Standard error of the mean, and CI*- Confidence Interval
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FIG 3. GRAPHICAL REPRESENTATION OF TEMPORAL DYNAMICS OF VEGETATION IN THE INDUS DELTA

TABLE 4. STATISTICAL SUMMARY OF THE TEMPORAL DYNAMICS OF MANGROVES IN THE INDUS DELTA (1990-2017)

Unsupervised classification | Supervised classification NDVI RVI Mean area %

Year of the

kn? % ki % kn? % kn? % (k) delta
1990 1081.73 8.28 978.538 7.49 1003.5 7.68 1066.18 8.16 1032.49 7.90
1995 793.24 6.07 756.248 5.79 776.4 5.94 729.072 5.58 763.74 5.84
2000 745.34 5.70 741.294 5.67 751.6 5.75 727.386 5.57 741.40 5.67
2005 597.54 4.57 636.164 4.87 647.5 4.96 645.234 4.94 631.61 4.83
2010 915.22 7.00 951.323 7.28 911.3 6.97 865.234 6.62 910.77 6.97
2015 904.14 6.92 853.241 6.53 977.2 7.48 678.977 5.20 853.39 6.53
2017 882.21 6.75 803.173 6.15 821.1 6.28 743.73 5.69 812.55 6.22
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Likewise, vegetative cover, no specific trend in the
temporal variation of mangroves was observed as it
decreased gradually from 1990 to 2005, but later it

increased significantly.

3.3  Quantification of Temporal Variation in
the Area under Surface Water Bodies

Various methods such as supervised, unsupervised
classifications, water indices as described earlier were
used to quantify the temporal variation in the area under
water bodies during the last 27 years. Fig. 5 shows the
water bodies masks of the Indus Delta for different years,
i.e., from 1990 to 2017.

Legend
- v

Non-Water

The statistical data matrix of temporal dynamics of water
bodies is summarized in Table 5, while its graphical
representation is portrayed in Fig. 6. The figure showed
that on an average about 1611.67 km? (12.39%) area of the

delta was under water bodies in 1990. This increased to

Legend o waometers. Legend
- water

2104.08 ki (16.51%) in 1995, and to 3007.15 km? (23.8%) — e =
g 2017

in2017. The increase in area under water almost doubled
in the last 27 years. This might be because of the entry of
saline water from the Arabian Sea due to the reduction of
freshwater flow from the Indus River in the deltaic area.

Alamgir etal. [17] also reported that seawater is enhanced

in the Indus delta due to the reduced flow in river Indus
FIG. 5. WATER MASKS OF THE INDUS DELTA FROM
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FIG 4.GRAPHICAL REPRESENTATION OF TEMPORAL DYNAMICS OF MANGROVES IN THE INDUS DELTA
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Statistical analysis revealed a significant trend in temporal
variation of surface water bodies in the Indus delta during
the last 27 years, i.e., 1990 to 2017 with a coefficient of
determination (R’ = 0.65).

3.4  Implications of the changes in vegetation

and seawter intrusion

Due to seawater intrusion, and variation in the vegetation,
mangroves, and surface water bodies in the Indus delta,

shoreline erosion is increased, many fertile lands are

degraded, the area under vegetative cover as well the
production/yield is decreased significantly. That has
ultimately affected the ecosystem and livelihood of the
people living in the delta. Several families have migrated
from their ancestral towns to the safe places of surrounded
cities/towns in search of food and shelter. Mahar [38]
also reported that due to seawater intrusion into the Indus
delta, people are evacuating the populated areas, per
acreage crop yield of agricultural lands is decreasing
continuously, and socio-economic conditions of the

people living in the deltaic areas are badly affected.

TABLE 5. STATISTICAL SUMMARY OF TEMPORAL DYNAMICS OF WATER BODIES IN THE INDUS DELTA

Unsupervised| Supervised | g NDWI NDPI Mean
Classification | Classification
Year % STD SE CI
kn? kn? kn? kn? kn? kn?
1990 1531.94 1431.13 1839.84 1636.64 1618.78 1611.67 12.39 151.40 67.71 132.71
1995 243593 1700.68 2388.99 1837.85 2156.93 2104.08 16.51 326.99 146.24 286.62
2000 1965.96 1688.95 2102.87 1761.36 2134.68 1930.76 16.34 199.76 89.33 175.09
2005 2031.29 1827.87 1970.77 1864.92 1858.37 1910.64 14.22 86.38 38.63 75.71
2010 1713.62 1573.66 1962.34 1651.40 1955.39 1771.28 14.96 178.29 79.73 156.28
2015 2934.66 2634.83 2688.32 2735.59 2729.69 2744.62 20.89 113.62 50.81 99.59
2017 3049.79 2851.76 3025.92 2988.39 3119.90 3007.15 23.88 99.23 44.37 86.97
301
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FIG 6. GRAPHICAL REPRESENTATION OF TEMPORAL DYNAMICS OF WATER BODIES IN THE INDUS DELTA
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3.5 River flow below Kotri Barrage

The analysis of the data of annual flow below Kotri
Barrage (last barrage on the river Indus) from 1937 to
2016 revealed that there was a linear decrease in flow
especially after commissioning of Tarbela dam in 1976
such that there is a decrease of 80% in the flow.

The decrease in Indus River flow in BCM (billion cubic
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meters) below Kotri Barrage with time is shown in
Fig. 7.

The number of days with no flow below Kotri barrage
have also drastically increased after 1970 such that the
flow is not continuous throughout the year. The river
flow below Kotri Barrage is now confined within a period

of about 60 days of monsoon only as shown in Fig.8.
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4. CONCLUSIONS

In the present study, field and satellite data were used to
quantify the temporal variations in the vegetation,
mangroves and water bodies in the Indus Delta for the
period of the last 27 years (1990-2017). Various algorithms
and indices such as supervised, unsupervised
classifications, vegetation, and water indices were used
to detect any temporal change in the natural features in
the Indus Delta. Analysis revealed that the area under
vegetation is declined from 3002.35 km? (22.98%) in 1990
t0 2817.03 km?(21.56%) in 2017. Temporal variations in
the mangrove forests also showed that on average, the
area under mangrove forests is declined from 1032.5 km?
(7.90%) in 1990 to 812.55 km? (6.22%) in 2017. However,
the study revealed that on average, the area under water
bodies is increased from 1611.67 km? (12.39%) in 1990 to
3007.15 km? (23.8%) in 2017. This huge increase in water
bodies has become almost doubled in the last 27 years.
This may be due to the entry of Arabian Sea water due to
the reduction of freshwater flow in the Indus River for its
delta. The present study will be helpful for the sustainable
development of livelihoods of poor communities where
women have a major share/role and will have an impact

on the social life of rural women of the Indus Delta.
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