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Abstract: We analyzed the agricultural land-use changes in the coastal areas of Tien Hai district,
Thai Binh province, in 2005, 2010, 2015, and 2020, using Landsat 5 and Landsat 8 data. We used
the object-oriented classification method with the maximum likelihood algorithm to classify six
types of land uses. The series of land-use maps we produced had an overall accuracy of more than
80%. We then conducted a spatial analysis of the 5-year land-use change using ArcGIS software. In
addition, we surveyed 150 farm households using a structured questionnaire regarding the impacts
of climate change on agricultural productivity and land uses, as well as farmers” adaptation and
responses. The results showed that from 2005 to 2020, cropland decreased, while aquaculture land
and forest land increased. We observed that the most remarkable decreases were in the area of rice
(485.58 ha), the area of perennial crops (109.7 ha), and the area of non-agricultural land (747.35 ha).
The area of land used for aquaculture and forest increased by 566.88 ha and 772.60 ha, respectively.
We found that the manifestations of climate change, such as extreme weather events, saltwater
intrusion, drought, and floods, have had a profound impact on agricultural production and land uses
in the district, especially for annual crops and aquaculture. The results provide useful information for
state authorities to design land-management strategies and solutions that are economic and effective
in adapting to climate change.

Keywords: coastal land use; Blue Economy; remote sensing; household survey; climate change

1. Introduction

Land cover, which is shaped by land-use practices, greatly impacts the local and
global climate by altering the flow of energy, water, and greenhouse gases between the
land and the atmosphere [1,2]. The Intergovernmental Panel on Climate Change (IPCC)
has estimated that about 24% of greenhouse gas emissions are from agriculture, forestry,
and other types of land use [3]. In Vietnam, about 49.4% of the total greenhouse gas
(GHG) emissions come from rice cultivation, followed by emissions from agriculture soils
(26.7%), enteric fermentation (11.4%), and other sources [4]. Conversely, climate change
could shrink global arable land by up to 21%, especially in some equatorial and southern
hemisphere regions [5]. Vietnam is among the countries most vulnerable to climate change
impacts such as sea-level rise, abnormal temperature change, and extreme weather events
(floods and storms) [6-8]. Climate change impacts could cause a loss of agricultural land
up to 14% in the Red River Delta and 24% in the Mekong River Delta [9].

Climate change also strongly impacts crop productivity and diseases [10]. The pro-
ductivity of rice and corn has been predicted to decrease, and the damage due to pests and
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diseases will likely increase under severe weather and climate [11]. Climate change was
projected to significantly reduce the yield of wheat (—17%), maize (—5%), sorghum (—15%),
and millet (—10%) in Africa, and maize (—16%) and sorghum (—11%) in South Asia [12].
Coakley et al. [13] showed that rising temperature has potential impacts on plant disease
through both the host crop plant and the pathogen. Host plants such as wheat and oats
become more susceptible to rust diseases with increased temperature, while some forage
species become more resistant to fungi with increasing temperature. Changes in moisture
will also affect both host plant and pathogen organisms. Some pathogens such as apple
scab, late blight, and other vegetable root pathogens are more likely to infect plants with
increased moisture. The average climate change scenario for Vietnam predicts that spring
rice crop productivity could decrease by 717 kg ha~! by 2050, while summer—autumn rice
crop could decrease by 795 kg ha~!. This will reduce total rice production by 1,475,000 tons.
Maize production could be reduced by 782 kg ha~!, resulting in a total yield decrease of
880,000 tons [14]. Several aspects of climate change, such as rising temperatures, sea-level
rise, changes in rainfall patterns, the uncertainty of supply of external inputs, changes in
water salinity, and extreme climatic events, are predicted to impact aquaculture produc-
tion [15]. Temperature rise, combined with poor water quality, will stress the cultured fish,
which will then be susceptible to disease infection. Rising temperatures will also cause
algae to bloom, thereby depleting oxygen in the water [16,17]. Climate change also has
significant impacts on infrastructure such as fishing ports, storm shelters or oil and gas
stations along the coastlines, and fishing boats [18].

Climate change and its impacts are already visible in many parts of the world and
coastal zones are highly vulnerable to these changes [19-22]. Coastal communities around
the world have developed several physical, ecological and social measures to adapt to
climate change [23-25]. Additionally, coastal zone resources management is a critical
part of Blue Economy management, especially for countries such as Vietnam [26]. In
general, adaptation responses to increasing risks in coastal zones can be grouped into five
categories as follows: avoidance, managed retreat, accommodation, hold the line, and loss
acceptance [27]. The Viethnamese government had foreseen the impacts of climate change
and had already put in place various measures to control the impacts of coastal hazards.
However, with 3200 km of coastline [28], Vietnam still greatly suffers from damages caused
by floods, erosion and typhoons annually [20]. In addition, most of the coastal zones of
Vietnam have an elevation below 1 m, making them particularly prone to the impacts
of climate change and the associated sea-level rise [20]. Recently, the National plan on
adaptation to climate change during 2021-2030 for Vietham was approved by the Prime
Minister under Decision 1055/QD-TTg dated 20 July 2020. The plan aims to minimize
the vulnerability and risks of climate change impacts by strengthening the adaptability of
the communities, economic sectors, and ecosystems. Characteristics of local demographic
and cultural systems play important roles in defining adaptation options. Furthermore,
climate risks are location-specific and differ by region. Choosing an adaptation plan for
coastal areas depends on the specific risks, the resources available, and the values that are
important to the relevant stakeholder groups [27]. However, there are only a few studies of
the Red River Delta regarding the impact of climate change on agricultural land use and
how people have learnt to adapt to these changes.

Geographical Information Systems (GIS) and Remote Sensing have been widely ap-
plied in land-cover and land-use change analyses at different scales for decades [29].
Studying land-use/cover change often involves combining social science data with re-
motely sensed and other spatial data to better understand how human behavior and land
cover are interrelated [30-33]. In this study, we analyzed land-use changes in the Tien Hai
district from 2005 till present using the Landsat satellite data combined with household
surveys regarding the impacts of climate change on agriculture productions and land
uses, as well as farmers’ responses. By bridging these datasets, we aim to examine the
connection between land-use change and climate change in Tien Hai district, Thai Binh
province. Understanding agricultural land-use changes and farmers’ response to climate
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change is a necessary step in designing land-management strategies and solutions that are
economical and effective in adapting to climate change in the future. This study will also
contribute to existing literature that seeks to understand the dynamics of land cover and
land use as a coupled human-environment system [34].

2. Materials and Methods
2.1. Study Area

We conducted this study in Tien Hai district, Thai Binh province, in the Red River
Delta (Figure 1). Tien Hai is a district that has 23 km of coastline. There are three large
estuaries named Ba Lat, Tra Ly, and Lan that form a wetland area of 6000 ha with diverse
fauna and flora species [35]. The wetland in the Tien Hai district also plays an important
role as it is in the core of the bio-reserves of the Red River Delta. In recent years, the Tien
Hai district has been more frequently affected by unprecedented severe natural disasters
and weather events such as tropical depressions, storms, floods, and cyclones. Some of
the most serious storms hitting Thai Binh province in the last 10 years were storm No. 8 in
2012, storm No. 1 in 2016, and storm No. 7 in 2020, causing heavy rains and storm wind,
and subsequent floods. These storms have damaged the coastal ecosystem and impacted
agricultural production activities. Considering the increasing impacts of climate change
in the coastal region, the socio-economic development planning of the Tien Hai district
would need to estimate and integrate these impacts in planning for better land use and
land management.
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Figure 1. Study area. Tien Hai district is located in the coastal area of the Red River Delta, Vietnam, with 23 km of coastline.
The district contributes an important role in agriculture production and biosphere reservation in the Red River Delta.

2.2. Data Sources

We downloaded the Landsat 5 and Landsat 8 images covering Tien Hai district, Thai
Binh province in 2005, 2010, 2015, and 2020 from the United States Geological Survey
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(USGS) with a spatial resolution of 30 m and cloud coverage of less than 1% (Table 1). We
used images acquired in the same month (July) of each year to ensure the uniformity of
surface reflectance.

Table 1. Landsat data.

Year ID Acquisition Resolution Parameters
Date
2010  LT51260462010193BKT00 12 July 2010 30 m Output Format: Geo TIFF
Resampling Method: CC
2015  LC81260462015191LGNO1 10 July 2015 30m, 15m Map Projection:
2020  LC812604620200705L1TP 5 July 2020 30m,15m UTM-WGS 84

Six land-use categories were identified, including paddy land, annual crop, perennial
crop, forest, aquaculture, and other land uses. We used both random and strategic sam-
pling methods to generate points and labeled each one with an appropriate land-use class
based on predefined image interpetation keys (Table 2). The random sampling method
allowed us to generate a set of points distributed randomly in the study area. However, a
shortcoming of this method is that it results in a disproportional number of points among
land-use classes due to the difference in land proportion. In this case, a strategic sampling
method was applied to generate additional points for classes where reference points were
insufficient. For 2005, 2010, and 2015 satellite images, the ground-truthing was performed
by visually interpreting both current and historical high-spatial-resolution imagery from
Google Earth and labeling each point with an appropriate class. For 2020 satellite images,
we collected reference points by a combination of a field survey in July 2020 and visual inter-
pretation of high-spatial-resolution imagery from Google Earth. For each class, we collected
60 sampling points and used 30 samples for supervised classification and the remaining
30 samples for accuracy assessment.

To understand the underlying causes of land-use changes in the district, we also
collected primary data through structured interviews with local farmers on the status of
land uses, crop patterns, impacts of climate change on agriculture productions, and farmers’
responses. For the impact of climate change on agricultural production, we asked questions
for the last 10-year period. We used the stratified random sampling method to select
150 households from two different groups for conducting structured interviews. Each
group consisted of 75 households, in which one group had mainly crop production activity,
and the other group had mainly aquaculture production activity.

2.3. Image Processing

Satellite images obtained from USGS had already been atmospheric- and topographic-
corrected by the producer. Therefore, the image only needed to be converted from the
original coordinate system (WGS-84) to the Vietnam national coordinate reference system
(VN-2000) (zone 3°, meridian 105.5°) using the coefficients according to the decision of
the Vietnam Ministry of Natural Resources and Environment (No. 05/2007/QD-BTNMT).
The satellite image interpretation was performed in eCognition Developer and ArcGIS
10.3. Six land-use types were mapped, including paddy, annual crop, perennial crop, forest,
aquaculture, and others. We used the Kappa statistic to measure the difference between
the true agreement of the classified map and the chance agreement of the random classifier
compared to the reference data [36]. Conventionally, Kappa values of more than 0.80
indicate good classification performance. Kappa values between 0.40 and 0.80 indicate
moderate classification performance, and Kappa values of less than 0.40 indicate poor
classification performance [36,37].
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Table 2. Satellite image interpretation keys.

No Land-Use Types Satellite Image Ground Photo

1 Paddy

2 Annual crop
3 Perennial crop
4 Forests

5 Aquaculture
6 Others

3. Results and Discussion
3.1. Satellite Image Classification

Based on the classification results, land-use maps for each year were produced with
six land-use categories such as paddy, annual crop, perennial crop, aquaculture, forest, and
other land uses (Figure 2).

The overall accuracy and Kappa coefficient were obtained for each classified image.
The overall accuracy of the classification results ranges from 84.44% to 87.22%, and the
Kappa Coefficient ranges from 0.7901 to 0.8217 (Table 3, Appendix A).

Areas of each land-use category for each year were calculated (Table 4). In general,
paddy land was the major agricultural land-use type with 11045.42 ha in 2020, occupying
more than 40% in all periods, and it slightly decreased over time. The second-largest
agricultural land-use type was aquaculture with 3115.91 ha in 2020, and it increased by
566.88 ha between 2005 and 2020. Mangrove forest plays an important role in coastal line
protection in the district. There was a positive change in the mangrove forest area in the
district from 547.75 ha in 2005 to 1320.35 ha in 2020. The annual crop area was relatively
stable during the study period, with 464.93 ha in 2020. The perennial crop area had the
smallest area, and it decreased over time from 200.2 ha in 2005 to about 90.5 ha in 2020.
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Figure 2. Land-use classification of Tien Hai district in 2005, 2010, 2015, and 2020.

Table 3. Accuracy assessment of satellite image classification.

Classified Images Total Number Numbel.‘ of Overallo Kap:uRa

of Pixels Correct Pixels  Accuracy (%) Coefficient
LT51260462005195BJC00 180 149 82.77 0.7901
LT51260462010193BKT00 180 152 84.44 0.8023
LC81260462015191LGNO01 180 157 87.22 0.8217
LC812604620200705L1TP 180 156 86.66 0.8115

3.2. Land-Use Changes Over Time

We performed an overlay analysis in ArcGIS to identify the change in areas across
three time periods: 2005-2010, 2010-2015, and 2015-2020 (Figure 3). Analyzing change in
different time periods helps us to understand when and where changes happen.
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Table 4. Areas of different land-use types in Tien Hai district over time.

Year 2005 2010 2015 2020
Land Uses Ha % Ha % Ha % Ha %
Paddy 11,531.00 42.06  11,491.93 41.92 11,357.20 41.42 11,045.42 40.29

Annual Crop 461.78 1.68 453.63 1.65 439.11 1.60 464.93 1.70
Perennial Crop 200.20 0.73 185.37 0.68 154.28 0.56 90.50 0.33
Aquaculture 2549.03 9.30 2796.56  10.20 307946 11.23 311591 11.37

Forest 547.75 2.00 736.80 2.69 930.35 3.39 1320.35 4.82
Others 12,126.68 44.23  11,752.15 4287  11456.04 41.79  11,379.33 41.51
Total 27,416.44 100.00 27,416.44 100.00 27,416.44 100.00 27,416.44 100.00
AGRICULTURAL LAND USE CHANGE AGRICULTURAL LAND USE CHANGE AGRICULTURAL LAND USE CHANGE
TIEN HAI DISTRICT 2005 - 2010 TIEN HAI DISTRICT 2010 - 2015 TIEN HAI DISTRICT 2015 - 2020
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Figure 3. Land-use change map of Tien Hai district in three time periods (a) 2005-2010; (b) 2010-2015; (c) 2015-2020.

Period 2005-2010: From 2005 to 2010, aquaculture and forest area increased by
247.53 ha and 189.05 ha, respectively. Meanwhile, annual crop and perennial crop re-
duced by 8.15 ha and 14.83 ha, respectively. Other land-use types (non-agricultural land)
shrunk by 374.53 ha. In Figure 3, we show that the largest change occurred along the
coast, including the aquacultural and forest areas. According to the land-use change matrix
between 2005 and 2010, about 247.53 ha, mostly mudflat and unused land, was converted
to aquaculture, 196.23 ha was converted forest, and 38.43 ha was converted to paddy land.
There were losses of paddy land to annual crop and other land-use types as well. The
perennial crop experienced the least change (Table 5).

Period 2010-2015: This period continued to see a fast growth of aquaculture and
forest areas. The increasing trend in forest areas implied that the local authority had
given special attention to the role of mangrove forests in protecting coastal areas,
especially the agricultural systems. Paddy, perennial crop, annual crop, and other land
uses continued to shrink.

The land-use change trajectory between 2010 and 2015 showed that most of the land-
use change occurred on paddy, aquaculture, forest land, and other land uses (Table 6). The
aquaculture area increased sharply, of which 82.63 ha was from paddy, and 238.4 ha from
other land uses (mostly mudflat). About 15.57 ha of forest was lost due to the effect of storm
No. 8 in 2012 and some illegal conversion of forest land to aquaculture during this period,
but overall, the forest area still increased by 193.55 ha, thanks to the reforestation project.
Specifically, about 112.32 ha of paddy land was converted to other land uses such as for
development projects (residential areas, industrial parks, government offices, roads, etc.).
Some of the paddy areas were also converted to vegetable production and aquaculture
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production. The conversion of paddy land to other uses often strictly follows the local and
state land-use planning and the directives of government agencies.

Table 5. Land-use change matrix between 2005 and 2010.

Land Use 2010
Total
Paddy Ag;:;al Perennial Crop  Aquaculture  Forest Others

Paddy 11,451.32 17.55 62.13 11,531.00

Annual crop 2.18 424.53 35.07 461.78

Land Perennial crop 10.98 185.37 3.85 200.20

use Aquaculture 2549.03 2549.03

2005 Forest 540.57 7.18 547.75
Others 38.43 0.57 247.53 196.23  11,643.92 12,126.68
Total 11,491.93 453.63 185.37 2796.56 736.80  11,752.15 27,416.44

Unit: hectare.
Table 6. Land-use change matrix between 2010 and 2015.
Land Use 2015
Total
Paddy Ag::;al Perennial Crop  Aquaculture  Forest Other

Paddy 11,254.76 42.22 82.63 112.32 11,491.93

Annual crop 16.12 390.07 30.77 16.67 453.63

Land Perennial crop 11.21 152.55 13.22 8.39 185.37

use Aquaculture 35.41 6.82 2712.11 8.32 33.90 2796.56

2010 Forest 2.33 718.90 15.57 736.80
Others 39.70 1.73 238.40 203.13  11,269.19 11,752.15
Total 11,357.2 439.11 154.28 3079.46 930.35  11,456.04 27,416.44

Unit: hectare.

Period 2015-2020: Land use change trajectory in this period is mainly in the form of a
decrease in paddy and perennial crops and the increase in aquaculture land and forest land.
Specifically, mangrove forests increased faster than in the last two periods (390 ha). Of
this, about 16.14 ha of unproductive and aquaculture farms in violation were converted for
mangrove reforestation. The remaining mangrove plantation area was on coastal mudflats.
The aquaculture still increased about 36.45 ha, mostly from the conversion of paddy land
and the expansion of mudflats along the coast. In addition, another 239.6 ha of paddy
was converted to development projects. This period also witnessed an increase in annual
cropland, mainly from the conversion of paddy (70.45 ha) (Table 7).

Overall, the land-use change analysis over three time periods showed that paddy-
land and land under perennial crops decreased by 485.58 ha and 109.7 ha, respectively.
Meanwhile, aquaculture and forest increased by 566.88 ha and 772.6 ha, respectively. The
land under annual crops experienced the least change.

The major land-use changes occurred on paddy land and other land-use types. The
first trajectory was the shifting from paddy to aquaculture and development projects. The
second trajectory was the shifting from other land-use types (mudflats, unused land) to
aquaculture, mangrove forest, and paddy.

3.3. Impact of Climate Change on Agriculture Production

In the last 2 decades, the agriculture production of the Tien Hai district has been
affected more frequently and severely by climate change, especially in terms of crop
and aquaculture productions. Results from the survey of households showed that the
most commonly perceived impacts of climate change on agricultural production included
extreme weather events (hot and cold), salinization, drought, and the impact of storms on
rice, vegetable crops, and aquatic animals (fish, shrimp, clams).
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Table 7. Land-use change matrix between 2015 and 2020.

Land Use 2020
Total
Paddy Ag;::;al Perennial Crop  Aquaculture  Forest Other

Paddy 10,998.18 70.45 48.97 239.60  11,357.20

Annual crop 0.18 369.36 2.85 66.72 439.11

Land Perennial crop 7.34 15.18 90.50 5.14 36.12 154.28

use Aquaculture 13.17 2.95 3006.60 16.14 40.60 3079.46

2015 Forest 930.35 930.35
Others 26.55 6.99 52.35 373.86  10,996.29 11,456.04
Total 11,045.42 464.93 90.50 311591 1320.35 11,379.33 27,416.44

Unit: hectare.

3.3.1. Impacts of Climate Change on Crop Production

Based on the household interviews, we found that extreme cold events had the
strongest damaging effect on crops in the Tien Hai district. Out of 75 respondents, 69.33%
believed that extreme cold events caused their crops to die off, especially for leafy veg-
etables and rice. Sixty-four percent of the farmers said that their crops grew poorly, and
37.33% of them noticed lower productivity (Table 8). The spring rice crop in Tien Hai starts
in January and ends in May (according to the lunar calendar). In the spring rice crop in
2011, the number of cold days lasted up to 47 days, of which there were 30 damaging
cold days causing rice to grow slowly; some farmers had to replant their fields due to the
damage to rice seedlings. The spring rice crop in 2011 was prolonged, and flowering was
late. As a result, farmers had a lower harvest. The damaging cold in February 2014 also
caused 851 hectares of rice in the Tien Hai district to be re-cultivated.

Saltwater intrusion has been a common problem in the Tien Hai district as well. The
highest salinity level at monitoring stations during 2003-2012 in Thai Binh rivers ranged
from 21 to 27 ppt. Saltwater intrusion extended 20-25 km into rivers and canals with
a salinity rate up to 31.8 ppt recorded at Ba Lat estuary in Tien Hai district [38]. The
survey results in three communes showed that 74.67% of surveyed households had their
fields affected by saltwater intrusion, which caused their fields to be abandoned for a
certain period, especially in paddy fields. Saltwater intrusion was therefore identified as
the major cause of paddy area reduction over the study period. Sixty-four percent of the
surveyed households said that their crop productivity was reduced. Nguyen et al. [39]
found that the yield of paddy rice was strongly decreased in the fields close to dyke or salt
fields. Considering the survival rate of paddy rice to the salt concentrations, Lien et al. [40]
evaluated the survival of some rice varieties such as Doc Phung, CTUS4, CTUS1, CTUS?,
and IR28, and found that if the salt concentration was higher than 0.5 ppt, the survival
rate was 78.33%, and if it was higher than 10 ppt, the survival rate was reduced to 46.67%.
In this study, 33.33% of the surveyed households said that their crops were destroyed by
saltwater intrusion (Table 8).

For the extremely high-temperature effect, during the period 19602010, the average
annual temperature increased by 0.8 °C in Thai Binh [41]. Meteorological data in Thai
Binh province showed that in 2016, the province faced a prolonged period of extremely
hot days that lasted over 40 days. This was the highest recorded level since 1988, with
the average temperature ranging from 35 to 39 °C. In 2017, the temperature increased to
an unprecedented high, which was 40 °C. As the temperature increased, 62.67% of the
surveyed households experienced water shortages for irrigation. As much as 45.33% of
the surveyed households believed that high temperatures affected the incubation period
and disease severity of their crops. About 40% of the surveyed households claimed lower
productivity due to extremely high temperatures, and another 40% of respondents said
that some of their crops were destroyed as well (Table 8).
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Table 8. Impacts of climate change on crop production.

Impact of Extreme Cold Frequency N = 75 Percentage *

Die-off 52 69.33
Poor crop growth 48 64.00
Reduce productivity 28 37.33

Impact of Saltwater Frequency N =75 Percentage

Intrusion 1 yua= 8

Abandoned fields 56 74.67
Reduce productivity 48 64.00
Poor crop growth 22 29.33
Die-off 25 33.33

Impact of Extremely High Frequency N =75 Percentage

Temperature

Water shortage 47 62.67
Increase diseases 34 45.33
Reduce productivity 30 40.00
Die-off 30 40.00

Impact of Storm Frequency N =75 Percentage
Property damaged 65 86.67
Reduce productivity 52 69.33
Soil erosion 25 33.33

* Questions on the impacts of climate change on crop production are multiple-response. Therefore, the summing-
up of the percentages reported for each impact can exceed 100%.

Regarding the storm effects, it is estimated that Vietnam is hit by 4.3 storms per year.
The government’s official data show that between 1990 and 2010, Vietnam experienced
74 flood catastrophes [42]. Tien Hai district is located near the coast, and the agricultural
activities are often severely affected by storms. In 2012, Tien Hai district was seriously
damaged by a super typhoon No. 8 named “Son Tinh”, the biggest storm recorded in the
past 10 years. Farm’s properties and thousands of hectares of crops were damaged. The
summer rice crop in Tien Hai starts in June and ends in late October (according to the lunar
calendar). Tien Hai district often has rice harvesting time 1 or 2 weeks later than other
districts in the region. Therefore, it suffers more from damage by storms and typhoons.
Typhoon No. 7 in October 2020, with heavy rains and floods, came before the harvesting
time, affecting a large production area of the district. According to the survey, 86.67% of
the households experienced property damage, and 69.33% of the households experienced
lower crop productivity. About 33.33% of respondents reported that their farms were
affected by soil erosion due to floods (Table 8).

3.3.2. Impacts of Climate Change on Aquaculture

Impacts of climate change on aquaculture are reflected by temperature changes in
both water and air and other alterations in oceanographic conditions, including currents,
wind speed, and waves. Extreme weather events are important effects, such as storms
causing material damage or flooding of freshwater farms. Fish or shellfish will suffer from
different stresses and physiological effects, which may further increase their susceptibility
to diseases and infections [43,44]. Temperature is one of the most important environmental
variables influencing the growth and metabolism of fish [45], and water temperature in
most culture systems is under the control of the climate [46].

For temperature effects, the temperature recorded in Thai Binh province in January
2016 was at 5-6 °C, the lowest level in the last 40 years. Out of 75 surveyed households,
70.67% of them reported that they had lower harvests due to the extreme cold event in
January 2016. A quantity of 52.2% of households had their aquatic animals die of cold,
and 35.5% of the households lost their harvest totally (Table 9). Statistics recorded in
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1 day in the district showed that about 62.33 ha of aquaculture was affected and caused
the loss of more than 21 tons of striped bass—a high-economic-value fish. On the other
hand, the extremely hot event also strongly affects aquatic animals. The high temperature
often increases evaporation and therefore increases salinity in ponds. The dissolved
oxygen level in ponds will decrease as the temperature increases. Dissolved oxygen is
one of the most important water-quality indicators that pond owners need to be aware of.
Oxygen dissolves in water at very low concentrations. Dissolved oxygen concentrations
below 3 ppm put stress on most warm-water species of fish, and concentrations below
2 ppm will kill some species [47]. The temperature also affects the growth and survival
of shrimps. The rate of growth increases with temperature; however, higher temperature
causes mortality. Temperatures between 26 °C and 30 °C are considered ideal in terms
of maximum production. Temperatures above 32 °C should be a cause of concern [48].
Tiger shrimps can withstand the temperature of 28 °C but grow relatively slowly. They
grow faster with temperatures above 30 °C, but are more susceptible to disease, especially
MBYV (Monodon baculovirus). In this study, 65.33% of the surveyed households said that
their aquatic animals were killed by excessive high-temperature events. It also negatively
changes the water environment, as claimed by 85.33% of the surveyed households, and
increases susceptibility to disease, as reported by 61.2% of surveyed households (Table 9).

Table 9. Impacts of climate change on aquaculture production.

Impact of Extreme Cold Frequency "
Events N =75 Percentage
Lower harvest 53 70.67
Mass die-off 39 52.00
Total production losses 27 36.00
Impact of Extreme Hot Event Frle\qu?;cy Percentage
Affects the water environment 64 85.33
Mass die-off 49 65.33
Susceptible to diseases 46 61.33
Frequency
Impact of Storm N=75 Percentage
Destroys farm facilities 67 89.33
Affects the water environment 53 70.67
Increases risk from 47 62.67
water-borne pathogens
Total production losses 28 37.33

** Questions on the impacts of climate change on aquaculture production are multiple-response. Therefore, the
summing-up of the percentages reported for each impact can exceed 100%.

Storms and tropical depressions can destroy the infrastructure of aquaculture areas
such as irrigation canals, tents, supplies, and equipment, as well as through erosion of
dikes, or greatly damage the infrastructure of aquatic resource exploitation. A percentage
of 89.33 of surveyed households had farm properties damaged due to storms, and the
most severe damage recently was observed in 2016. In the Red River Delta, floods usually
occur primarily after storms or extreme rainfall events [49]. The water level that increases
to a certain point and overflows into aquaculture ponds could alter the salinity level and
affect water quality. About 70.67% of the surveyed households in the Tien Hai district
reported that the water quality of their ponds had been affected by floods. As a result,
floods increased the risk of water-borne diseases, as reported by 62.67% of households.
Roughly, 37.3% of them lost almost all their income from aquaculture due to storm No.
1, named “Mirinae”, in July 2016 (Table 9). This was attributed to the fact that the floods
often swept away the fish, causing the loss of not only the ability to sell the fish but also
wiping out the investment that had been made in the farms.
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3.4. Farmers’ Responses to Climate Change

Under the increasing occurrence of extreme weather events due to climate change
in the Tien Hai district, farmers have adopted several practices to minimize agricul-
tural production losses. We studied the farmers’ responses to climate change of two
previously defined groups: crop production and aquaculture production (Table 10). We
found some commonalities as well as differences between the two groups in terms of
their responses to climate-change impacts. For both the groups, changing varieties of
either crops or species was the most popular choice—77.33% for the crop-production
group and 80% for the aquaculture-production group. The use of adapted crops and
varieties is suggested by the United Nation’s Food and Agriculture Organization (FAO)
among the climate-smart practices for risk reduction, soil and water conservation, and
efficient water management [50]. Choosing adaptable crops and varieties helps to
reduce the negative impacts of climate change on agricultural systems, and at the same
time to ensure stable agricultural production.

Table 10. Farmers’ responses to climate change in crop and aquaculture productions.

Crop Production Frequency N =75 Percentage ***
Changing crop varieties 58 77.33
Adjusting crop timing 56 74.67
Adjusting cropping pattern 25 33.33
Converting cropland to 2 29.33
aquaculture
Shifting occupation 16 21.33
Aquaculture Production Frequency N =75 Percentage
Changing aquatic species 60 80.00
Adjusting gultlvatlon 54 72.00
techniques
Renovating aquaculture farms 32 42.50
Applying aquaculture crop o1 3240

rotation

*** Questions on farmers’ responses to climate change on crop and aquaculture productions are multiple-response.
Therefore, the summing-up of the percentages reported for each agriculture production activity can exceed 100%.

For crop production, most farmers adopted new rice varieties such as BC15, RVT,
CNR36, D-uu527, Thaixuyenl111, and TH1 that have the characteristics of salt tolerance,
disease resistance, short duration, hard stems, high quality, and productivity to replace the
old rice varieties such as Tapgiao 838, 903, CT16. The second most common adaptation
strategy, as reported by 74.67% of households, was adjusting the rice crop timing to avoid
adverse effects from abnormal climatic events such as extreme temperature events, floods,
and storms. The spring rice crop in Tien Hai often starts in January. This is also the
coldest time of the year. If extremely cold weather is predicted by the National Centre for
Hydro-Meteorological Forecasting, farmers often delay the rice transplanting to avoid any
damage. Using short-duration rice varieties allows farmers to harvest their crops before
the flooding season begins. Adjustments in cropping patterns were adopted by 33.33% of
households, for example, diversified crops and different crop rotations. About 29.33% of
the households converted their cropland to aquaculture, where plots had been affected by
saltwater intrusion. The conversion to aquaculture often requires high capital investment;
thus, only wealthy households can use this adoption approach. In addition, the conversion
from paddy to other land uses in Vietham must be approved by the provincial people’s
committee when the area is less than 10 ha or by the Prime Minister when an area is more
than 10 ha. Farmers are not allowed to convert their rice land to other land uses unless
approved by government agencies. Therefore, areas affected by saltwater intrusion or
unsuitable for rice should be evaluated and adjusted in the land-use planning at the district
and provincial levels. About 21.33% of the surveyed households had gradually shifted
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their occupations from pure agricultural activities to more diversified income-generating
activities such as working in garment factories and the assembling industry.

For aquaculture production, the most common adaptation strategy was changing
aquatic species, as reported by 80% of households; for example, changing from red clams
to white clams or from black tiger shrimps to white leg shrimps. The second most common
strategy is adjusting cultivation techniques, with 72% of households applied. Especially,
farmers pay more attention to the selection of high-quality breeding and technical require-
ments (pH, salinity level, temperature, density, pond size, and depth). Some large farms
and wealthy households have hired specialized experts or employed high-tech equipment
for the farm’s water quality monitoring. To increase resistance to floods and storms, 42.5%
of the households had renovated their farms by raising the banks and fences and setting
up water-regulation systems to avoid damages. Crop rotation in shrimp farming was also
adopted by 32.4% of the surveyed households in the district. When more frequently hit
by storms and floods, some farmers often reported a loss when raising two shrimp crops.
High salinity, hot weather, and polluted water environment make shrimps susceptible to
diseases and cause a low survival rate in the second crop. Therefore, some farmers choose
to cultivate fish in the second crop or switch to raising fish and brackish water shrimp such
as tilapia because of their ability to adapt to a wide range of salinity and the advantage of
the presence of most natural food sources in ponds.

4. Conclusions

The land-use change analysis in the Tien Hai district over three time periods
showed that the most significant changes occurred for paddy land, aquaculture land,
and forest land. We identified the land-use change trajectories through change-detection
analysis. Specifically, paddy land decreased, while forest land and aquaculture land
increased. Most of the changes in paddy land result in increases in land under annual
crops, aquaculture, and development projects. The aquaculture land expanded by
566.88 ha—mostly from changes in mudflat areas and paddy lands. The forest land
expanded quickly from 547.75 ha in 2005 to 1320.35 ha in 2020, owing to reforestation
projects. Climate change has had profound impacts on aquaculture production and is
one of the major factors leading to land-use change. Owing to the impacts of saltwater
intrusion and floods, a large area of paddy that is no longer suitable for rice has been
converted to aquaculture production and other vegetable crops. Coastal protection,
under the Blue Economy framework, has gained the special attention of authorities to
minimize the impacts of sea-level rise, saltwater intrusion, and tropical storms. As a
result, more than 700 ha of mangrove forests have been planted along the coast between
2005 and 2020. The agricultural land-use changes over the past few years have been
driven by the impact of climate change. In addition, farmers have also adopted some
strategies in response to climate change, such as adopting new plant varieties and
animal species, applying new technologies, or adjusting crop patterns and calendars.
However, agriculture production is still being affected by extreme weather events,
storms, and floods, as reported by a large proportion of the farm households. Our
study suggests that the agricultural land use in the Tien Hai district should continue
to be evaluated and adjusted to be economical and effective in adapting to climate
change. Findings of this study also added to existing knowledge of land-use change
and climate change in the Red River Delta, which is essential for adaptation planning
and integration at the national and sub-national levels. However, this study was
limited to only assessing the land-use change and farmers’ response to climate change
through remote-sensing analysis and the descriptive statistical analysis of data based
on household surveys. Future studies could expand on this by conducting vulnerability
assessments, cost-benefit analysis, and identification of adaptation priorities in the
study area. These would be essential for the successful implementation of a National
Adaption Plan for the 2021-2030 period and for Vietnam’s Blue Economy management.
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Meteorological factors based on remote sensing could also be included for the in-depth
analysis and modeling of land-use change and climate change relationships.
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Appendix A

Table 1. Accuracy assessment for land-use map in 2005, 2010, 2015, and 2020.

Reference Points 2005

Annual Perennial Column
Paddy Crop Crop Aquaculture Forest Other Total
Paddy 26 3 0 2 0 0 31
Annual crop 2 25 2 0 0 2 31
Perennial 0 0 23 1 2 2 28
Classified image 2005 crop
(LT51260462005195BJC00) Aquaculture 1 1 0 2 1 2 31
Forest 0 0 3 0 25 0 28
Others 1 1 2 1 2 24 31
Row total 30 30 30 30 30 30 180
Producer’s 86.67 83.33 76.67 86.67 83.33 80.00
Accuracy
User’s 83.87 80.65 82.14 83.87 8929 7742
Accuracy
Overall
Accuracy 82.77
Kappa
Coefficient 0.7901
Reference Points 2010
Annual Perennial Column
Paddy Crop Crop Aquaculture Forest Other Total
Paddy 27 2 0 2 0 1 32
Annual crop 1 26 2 0 1 1 31
Perennial 0 0 24 0 2 2 28
Classified image 2010 crop
(LT51260462010193BKT00) Aquaculture 2 0 1 25 0 1 29
Forest 0 0 2 2 27 2 33
Others 0 2 1 1 0 23 27

Row total 30 30 30 30 30 30 180
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Table 1. Cont.
Producer’s 90.00 86.67 80.00 83.33 90.00 76.67
Accuracy
User’s 84.38 83.87 85.71 86.21 8182  85.19
Accuracy
Overall
Accuracy Sa.4d
Kappa
Coefficient 0.8023
Reference Points 2015
Paddy Ag;::)al Peéilzl;lal Aquaculture Forest Other C_(l),::;?n
Paddy 28 2 0 1 0 31
Annual crop 0 25 2 0 0 0 27
Perennial 0 2 25 0 0 1 28
Classified image 2015 crop
(LC81260462015191LGNO01) Aquaculture 2 0 0 2 2 2 32
Forest 0 3 1 28 2 34
Others 0 1 0 2 0 25 28
Row total 30 30 30 30 30 30 180
Producer’s 93.33 83.33 83.33 86.67 93.33 83.33
Accuracy
User’s 90.32 92.59 89.29 81.25 82.35 89.29
Accuracy
Overall
Accuracy 87.22
Kappa
Coefficient 0.8217
Reference Points 2020
Annual Perennial Column
Paddy Crop Crop Aquaculture Forest Other Total
Paddy 28 3 0 2 1 34
Annual crop 1 25 2 0 0 0 28
Perennial 0 0 24 0 2 2 28
Classified image 2020 crop
(LC812604620200705L1TP) Aquaculture 1 1 1 27 1 1 32
Forest 0 0 1 0 27 1 29
Others 1 2 1 0 25 29
Row total 30 30 30 30 30 30 180
Producer’s 93.33 83.33 80.00 90.00 90.00 83.33
Accuracy
User’s 82.35 89.29 85.71 84.38 93.10 86.21
Accuracy
Overall
Accuracy 86.67
Kappa 0.8115

Coefficient
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