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Chapter 1

Monitoring and Mapping of the
Brazilian Pantanal Wetland

Edinéia A.S. Galvanin, Natalia V. Revollo,
Federico Javier Beron de la Puente, Veronica Gil,
Sandra Mavra Alves da Silva Neves and Paula Zapperi

Abstract

The Pantanal is one of the largest wetlands in the world. This natural region has
fundamental importance for water supply and biodiversity conservation. In this
paper, we apply a methodology to analyze multi-temporal water and vegetation
changes in six different zones of land use/land cover and their relationship with
humidity in the Brazilian Pantanal subregion of Caceres, Mato Grosso. Meteorological
data from the INMET Station in Caceres was used. The Normalized Difference Vege-
tation Index (NDVI) and Normalized Difference Moisture Index (NDMI) were com-
pared year to year (2019, 2020, 2021). The spatial variations revealed water changes
according to the occurrence of wet and dry years. In dry years there was a remarkable
increase in mean and maximum values linearly related to a decrease in water avail-
ability. Analyzing LULC change dynamics in these areas is crucial for developing new
proposals for interventions to monitor the area and thus provide subsidies to goal 15 of
the 2030 Sustainable Development Agenda, which aims to stop and restore degrada-
tion caused in the environment and to promote reforestation.

Keywords: wetland, Pantanal, remote sensing, NDVI, NDMI

1. Introduction

The Pantanal is an extraordinary and diverse natural region located in South
America. It stands as one of the largest continuous wetland areas on the planet,
encompassing territories of Brazil, Bolivia, and Paraguay. The hotspot holds signifi-
cant importance as it has been designated both a World Heritage Site and a Biosphere
Reserve by UNESCO (2000).

Renowned for its abundant biodiversity and landscapes, the Pantanal hosts an
impressive array of ecosystems, including savannahs, forests, rivers, lagoons, and
marshes. This diversity of habitats attracts a wide range of wildlife. In addition to its
incredible fauna, the Pantanal holds significant ecological importance [1]. Its flood-
plains “act as a natural sponge, absorbing large amounts of water during the rainy
season and gradually releasing it during the dry season” [2]. The storage capacity of
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the rivers helps regulate the flow of water across the continent, which is essential for
regional hydrological balance.

The Pantanal, however, faces many challenges. There are many threats to the
ecosystem of this region including deforestation, fires, agricultural practices, and
livestock farming [3].

Preserving the Pantanal and ensuring its sustainability is vital not just for conserv-
ing biodiversity but also for safeguarding water resources and the welfare of local
communities. This research makes a significant contribution to advancing methods
for detecting changes in land use, thereby facilitating studies that are in line with the
objectives of the United Nations’ 2030 Agenda for Sustainable Development [4],
particularly regarding the indicators of Goal 6, “Clean Water and Sanitation,” and
Goal 13, “Action against global climate change.”

Understanding the dynamics of land use and land cover (LULC) changes, as well
as their impact on humidity levels, are crucial in the field of environmental research.
Remote sensing techniques play a significant role in studying and monitoring these
changes over time. The application of advanced remote sensing technologies and
methodologies enables us to capture and analyze spatial and temporal patterns of
LULC changes [5], providing valuable insights into the processes driving these trans-
formations.

The integration of remote sensing with geographic information systems (GIS)
Normalized Difference Vegetation Index (NDVI), and Normalized Difference Mois-
ture Index (NDMI) enhances our ability to accurately identify and classify LULC
changes. With this multidisciplinary approach, it is possible to develop robust models
and predictive frameworks that can be applied to evaluating the impacts of land use
adjustments on humidity patterns across a spectrum of scales, from local to regional.
This knowledge is crucial for sustainable land management, water resource planning,
and climate change adaptation measures.

This paper presents a methodology for analyzing multi-temporal land use/land
cover changes and their relationship with humidity in the Caceres Pantanal.

2. Material and methods
2.1 Study area

The Céceres Pantanal occupies a privileged position among the sub-regions of the
Pantanal biome’s wetland plain, situated in the Upper Paraguay River Basin [6], in
Brazil’s Central-West region (Figure 1). It encompasses a diverse mosaic of savanna
vegetation, including wooded Savanna, forested Savanna, woody-grass Savanna, as
well as alluvial Forest [7], providing a habitat for a wide array of species uniquely
adapted to the dynamic floodplain ecosystem [8]. Its altitude ranges from 90 to 150
meters [9, 10]. The Pantanal is primarily composed of Quaternary sediments that have
accumulated over time.

The Upper Paraguay River Basin region is characterized by two primary aquifers:
the Pantanal Aquifer (Quaternary) and the Guarani Aquifer (Jurassic-Triassic). While
the waters from the Pantanal Aquifer drain into the Paraguay River, the deeper waters
of the Guarani Aquifer flow towards the Parana Basin [11].

In the Céceres Pantanal region, the predominant soils are Plinthosols, Plinthosols,
and Quartzarenic Neosols, influenced by hydromorphic processes [12]. The average
annual temperature in the Caceres Pantanal is 26.24°C, with an annual rainfall index
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Figure 1.
Study area: Cdceres Pantanal.

of 1335.00 mm [13, 14]. The Pantanal exhibits two distinct ecohydrological cycles: the
dry season occurs from May to September and the rainy season spans from October to
April, during this time, the region receives a substantial amount of precipitation,
typically accounting for 70-80% of the total annual rainfall [13]. During the dry
season, surface water becomes scarce and is mostly limited to perennial rivers with
well-defined beds and large ponds [15].

2.2 Data pre-processing

Initially, we divided the Pantanal into six regions based on their morphological
features (Figure 1). The six zones consist of mosaics, with Zone 1 comprising forested
Savanna, woody-grass Savanna, and pioneer Formation. Zone 2 comprises wooded
Savanna, woody-grass Savanna, and pioneer Formation. Zones 3, 4, 5, and 6 are
characterized by bodies of water, vegetation influenced by rivers and/or lakes, and
woody-grass Savanna. Zones 1 and 2 are located within the so-called seasonally inun-
dated areas, while zones 3, 4, 5, and 6 belong to the frequently flooded and perma-
nently flooded-hydromorphic zones [16].

The meteorological data used in this study were collected from the Meteorological
Station of the National Institute of Meteorology (INMET) in Caceres (code
01657000). This station is located at the Federal Institute of Mato Grosso (IFMT) at -
16° 13’ S -57° 69’ W. For analysis, basic descriptive values were obtained for temper-
ature, evapotranspiration, and relative humidity (sum, average) for monthly and
seasonal (rainy season) values.
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To enhance the knowledge of the Pantanal wetland dynamic, the study incorpo-
rated meteorological data and the Standardized Precipitation Evapotranspiration
Index (SPEI) to assess the presence of drought periods occurring between 2018 and
2021. The data was obtained at a 12-month scale (SPEI 12) from the global model SPEI
Global Drought Monitor and downloaded with a spatial resolution of 1° [17].

To calculate the SPEI, monthly mean temperature data were obtained from the
NOAA NCEP CPC GHCN_CAMS gridded dataset [18]. Additionally, cumulative
monthly precipitation data were sourced from the Global Precipitation Climatology
Centre global model [19]. The SPEI Global Drought Monitor estimates reference
evapotranspiration using the Thornthwaite method [20].

The SPEI time series were analyzed in conjunction with data from the weather
station. The 12-month scale allows the identification of areas and time intervals with
persistent drought conditions [21, 22]. According to the categorization of SPEI values,
a dry event occurs when values are less than —0.5, initiating drought. As values
decrease, the magnitude of the drought increases. A drought event where the category
is moderately dry takes values between —1 and — 1.5, while very dry is values between
—1.5and — 2 and a drought magnitude of extremely dry is when the results are less
than —2 [22].

The multispectral images from the Sentinel-2A satellite were acquired through the
Earth Engine Catalog. The dataset comprises a total of eighteen images, with six
images captured during each rainy season spanning from October 2018 to March
2019, October 2019 to March 2020, and October 2020 to March 2021, respectively.
Each image represents the mean image of the rainy period, with a filtering process
applied to exclude cloudy pixels, ensuring that they account for less than 10% of the
image. Considering the annual weather variability in the Pantanal, we have selected
the pre-fire images from 2018, as well as the post-fire images from 2020 and 2021.

In order to evaluate the green vegetation in the Pantanal regions, we employed the
normalized difference vegetation index (NDVI). The NDVI is a widely used metric for
quantifying the health and density of vegetation using satellite data. It is calculated by
taking the normalized difference between the reflectance values in the red and near-
infrared bands. The red band measures the amount of light reflected by vegetation in
the visible red spectrum, while the near-infrared band captures the sunlight reflected
by chlorophyll in plants in the near-infrared spectrum.

NIR — Red
= 1
NDVI NIR + Red M

For detecting moisture levels in the vegetation, we obtain the Normalized Differ-
ence Moisture Index (NDMI). This allows the combination of the near-infrared (NIR)
and shortwave infrared (SWIR) spectral bands [23]. The SWIR bands depend on the
changes in the vegetation water content and the spongy mesophyll structure of plant
canopies [24]. Values between —1 to —0.4 indicate absent or very low ground vegeta-
tion cover, while values from —0.4 to 0.4 show different ranges of water stress, and
values above 0.4 to 1 represent high-density cover with no water stress.

NIR — SWIR
NDMI = e SWIR )

To qualitatively analyze the changes in NDVI, a multi-temporal color composite
image was generated. This technique combines the NDVI values from period 1, period 2,
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and period 3 into the red, green, and blue channels, respectively, based on the temporal
order. This approach is commonly used to visualize and analyze temporal dynamics,
such as land cover changes, over a specific period.

In the composite image, high values of vegetation in one period are represented by
red, green, or blue colors. Gray levels indicate features that remain stable across all
periods. The absence of vegetation in all periods is represented by the black color.
Regions with high vegetation values in two periods are indicated by a combination of
yellow, cyan, or magenta colors. Situations, where the presence or absence of vegeta-
tion differs, are represented by the magenta and green colors. This approach enables a
visual expert assessment of temporal changes in vegetation density and distribution,
facilitating the identification of areas with consistent vegetation patterns, changes, or
absence throughout the analyzed periods.

A linear regression trend analysis was conducted to assess NDVI evolution
during the years 2018, 2019, 2020, and 2021. The analysis treated NDVI as the
dependent variable and time as the independent variable. The regression model
estimated the slope coefficients of the regression line, which provide insights into
the trend of NDVI over time. By examining the slope of the regression line, it is
possible to determine whether NDVI is increasing or decreasing. A positive slope
indicates an increasing trend in NDVI, suggesting a rise in vegetation density or
health. Conversely, a negative slope indicates a decreasing trend, indicating a
decline in vegetation density or health. The input data for the regression model
consisted of monthly NDVI images, with cloudy pixels filtered out. These NDVI
images were organized as a two-band input image, with the first band
representing the NDVI values and the second band representing the corresponding
time information.

To apply the workflow, we used the geospatial processing service Google Earth
Engine (GEE). The algorithms and the fit model were implemented using the Earth
Engine (EE) Code Editor, a web-based IDE for the Earth Engine JavaScript API.

3. Results and discussion

The Pantanal region is of great significance due to its distinctive ecological
characteristics and high vulnerability to climate change. Understanding the rainfall
variability, temperature fluctuations, and hydrological dynamics, is essential for
predicting and managing the impacts of climate change on the Pantanal’s delicate
balance.

In terms of precipitation, it is observed that for the period 2018-2021, the peaks of
maximum accumulated monthly precipitation are found in the wet season, which is
between the months of October to April. It is to be recognized that climatically a
variation of rainfall can be found in the wet season although there are certain
months where the monthly amounts usually exceed 80 mm, coinciding with the
results of the 1971-2009 time series [25]. While the dry season is between the months
of June to September, where monthly amounts do not usually exceed 10 mm per
month.

On the other hand, if we talk about the average temperatures in the study area,
they do not fall below 20°C and the maximum temperature peaks are found precisely
at the beginning of the wet season, reaching 30°C. In contrast, the average monthly
humidity percentage shows that the minimum peaks are distributed just before the
beginning of the rainy season. Finally, evapotranspiration peaks coincidentally at the
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Figure 2.
Annual distribution of the climatic variables (top). SPEI -12 values for the period (bottom.).

beginning of the rainy season (September-October) and its lowest values in the dry
season months.

In Figure 2, it is evident that most of the studied period, which spans from 2018 to
2021, was characterized by an extremely dry drought regime (SPEI value less than
—2). This prolonged drought event persisted from June 2019 until the end of the
climate data in December 2021, encompassing approximately 71% of the time series.
Specifically, 18% of the months were classified as experiencing a very dry drought, 7%
as moderately dry, and 2% as an incipient drought or a normal event.

By the other hand, the variations observed in precipitation may indicate the influ-
ence of climatic anomalies like El Nifio-Southern Oscillation (ENSO), which can
impact indirectly in the superficial hydrological regime of the Pantanal. The Oceanic
Nifio Index (ONI) is a primary indicator for monitoring the sea surface temperature
(SST) of the equatorial Pacific Ocean part of the seasonal climate pattern. The NOAA’s
Climate Prediction Center monitoring system calculates them historically [26]. The
ONI anomaly values for the period show that the SST anomaly was negative at the
beginning of 2018 and during the period from 2021 to the end of 2022. From the end
of 2018 to mid-2019 the SST anomaly was positive. This could be indicative of the
fluctuations in precipitation shown in Figure 2.

Figure 3 focuses on the monthly values of rainy seasons between 2018 and 2021.
Their values remain relatively stable without significant variation. However, precipi-
tation exhibits the most significant fluctuations, with relative humidity values follow-
ing these changes.

Table 1 presents the average values (Temperature, Evapotranspiration, and
Humidity) and the accumulated Rainfall for each rainy season, confirming the find-
ings mentioned in the previous paragraph. Additionally, an interesting observation
can be made for the three periods: as the accumulated precipitation decreases, the
mean values and standard deviations of the other variables tend to increase.
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Time slices detailing the rainy season.

Period Rainfall Average Average Average Evapotranspiration
(mm) Temperature (°C) Humidity (%) (Eto - mm)

1) 10/2018 to 814.6 27.0 +/—1.27 79.6 +/—8.21 52 +/—0.81

3/2019

2) 10/2019 to 878.4 27.3 +/—1.56 79.1+/-711 5.4 +/—0.86

3/2020

3) 10/2020 to 720.4 27.6 +/—2.03 90.9 +/—11.22 5.6 +/-1.12

3/2021

Table 1.

Variability of meteorological data in the Pantanal of Cdceres: October 2018 to march 2019.

During the final period, a noteworthy decline in rainfall occurred. It is worth
noting that this reduction can be attributed to the decreased transport of warm and
humid air from Amazonia into the Pantanal. Notably, a substantial atmospheric shift
took place during this period, characterized by the prevailing influence of warmer and
drier air masses originating from subtropical latitudes. According to [27] this shift
resulted in a considerable decrease in summer rainfall, particularly during the peak of
the monsoon season. These changes in atmospheric conditions hold implications for
the Pantanal’s hydrological dynamics and overall climate patterns.

To analyze the vegetation and humidity in the Pantanal region, we computed and
gathered NDVI and NDMI images during the rainy periods for selected zones. These
images were compiled into a multi-temporal map, covering the period from 2018 to
2021, for each specific region (Figures 4 and 5).

The multi-temporal map visually represents the changes in NDVI and NDMI
values across various regions of the Pantanal throughout the specified period. The
NDVI map indicates a stable vegetation density and health in the seasonally inundated
areas, specifically in Zone 1 and Zone 2. The lowest NDVI values are observed in the
flooded zones during period 1 and 2. However, period 3 exhibits the highest NDVI
values, coinciding with the peak humidity level of 90.9%.
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NDVI Images
Zone 1:

Figure 4.
NDVI multi-temporal map covering the period from 2018 to 2021, for each zone.

It is notable that the seasonally inundated areas (zones 1 and zone 2) have shown a
decrease in the NDMI index over the last two years. The lowest values were observed
in period 2 for zone 2, which coincided with the lowest average humidity of 79.1%
recorded by the in-situ station. Zone 4 exhibited the highest NDMI values during
period 2, which can be attributed to the hydromorphic features of the area. This
coincides with the fact that period 2 also had the highest recorded precipitation values.
In the frequently flooded and permanently flooded-hydromorphic zones, the maxi-
mum NDMI values are observed in zone 3 and zone 6 during period 3. This coincides
with the highest recorded humidity values at the in-situ station location.

The multi-temporal images, generated by combining the NDVI index from the
three different periods, are shown in Figure 6. The color scale on the images indicates
the presence of vegetation in one, both, none, or all of the periods. By examining the
images and referring to the color table, it is possible to quantitatively assess the
fluctuations of vegetation across the six zones.

Zones 1 and 2 are represented by a significant portion of magenta-colored pixels in
the image, indicating the presence of vegetation during periods 1 and 3, but the
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NDMI Images
Zone 1:

Zone 2:

Zone 3:

Zone 4:

_ I-l

Zone 5:

Figure 5.
NDMI multi-temporal map covering the period from 2018 to 2021, for each region.

[

absence of vegetation in period 2. Zone 3 exhibits a lack of vegetation, which corre-
sponds with the presence of prominent lakes in the area. Along the edges of these
lakes, yellow-colored pixels appear, suggesting the absence of vegetation in recent
periods. However, some areas along the lake edges show signs of vegetation presence.

Zones 4 and 5 display pixels in blue and cyan, indicating an increase in vegetation.
These zones demonstrate a variety of color combinations, which signifies their
dynamic nature, particularly in relation to the permanently flooded areas. Zone 5,
located near the lake, exhibits a distinct pattern of vegetation along the perimeter of
the lake. This pattern may indicate sediment deposition from the adjacent plateau
areas, which contributes to the presence of vegetation in that specific zone.

In Figure 7, Zones 4 and 5 exhibited substantial growth in vegetation, which can
be attributed to the enhanced sediment transport by the tributaries from the plateau
region in these areas [28]. This sediment deposition has played a vital role in
expanding vegetation cover and reducing water volume, considering that these zones
experience frequent or permanent flooding. Conversely, zones 1, 2, and 3 visually
showed minimal vegetation loss. Zones 1 and 2 are seasonally flooded areas.

9
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Figure 6.
Multi-temporal image created by combining the NDVI index from three different periods: Period 1, period 2, and
period 3. The color scale used in the image indicates the presence or absence of vegetation.

Understanding the impact of flooded areas is crucial as any decrease in the
Pantanal’s flooded areas can have significant consequences for the region’s unique
ecosystem and biodiversity. It can result in the loss of crucial habitats for aquatic
species such as fish, amphibians, and water-dependent plants, disrupting their sur-
vival and overall ecological balance. Preserving the flooded areas is essential for
maintaining the delicate equilibrium of the Pantanal [27, 28].

Furthermore, the decline in flooded areas can disrupt the natural water cycle and
hydrological processes in the Pantanal. It may result in decreased water availability for
wildlife, impacting their feeding and breeding patterns.

Figure 8 summarizes the results of the methodology applied in zone 6, which is
characterized by frequently flooded and permanently flooded-hydromorphic zones.
The multi-temporal map of NDMI and NDVI, along with the multi-temporal and
NDVI slope images, provided valuable information for analyzing the dynamics of
vegetation and water in the area.

The NDVI values for the last period indicated an increase in vegetation
cover, suggesting a potential improvement in plant growth and density. Conversely, the
NDMI values demonstrated a decrease in water presence, indicating a reduction in
moisture levels within the studied regions, particularly during the peak of the monsoon
season (Figure 8). A study conducted by [28] used the NDVI to compare monthly
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Figure 7.

NDVI slope image provides insights into the trend of vegetation density or health (vepresented by a trend towards white).
On the other hand, a negative slope indicates a decreasing trend in NDVI (represented by a trend towards black).

precipitation and water table depth. The study demonstrated a correlation between
higher absolute NDVI values with wet years, during which a greater extent of woody
vegetation covered the area [29]. While the study focused on a different environment
from the Pantanal, the prevalence of vegetation remains consistent, allowing NDVI
values to serve as an indicator of water in the soil.

In the second period (2019-2020) most of the NDMI values indicate water stress.
However, this is not reflected in the NDVI, where vegetation coverage/density increases
(showing more positive values) from the first period (2020-2021) to the second period.
In the third period, the water stress measured by NDMI decreases, and there is an
increase in vegetation gain according to the NDVI. In this particular zone, the vegeta-
tion is influenced by rivers and/or lakes and belongs to the frequently flooded and
permanently flooded-hydromorphic zones. The findings appear to have been an imbal-
ance in the water balance during the first period due to the prevailing conditions of
rainfall, temperature, humidity, and evapotranspiration. This led to water stress in the
second period, with a subsequent “recovery” observed in the third period.

4. Conclusion

This paper presents a methodology for analyzing multi-temporal land use/land
cover changes and their relationship with humidity in the Caceres Pantanal. The
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Zone 6: Vegetation located in the flood plain

NDMI 10-2018 to 03-2019 10-2019 to 03-2020 10-2020 to 03-2021
B N By L, SO T ‘

Linear regression trend
analysis of NDVI

Figure 8.
Vegetation and humidity patterns using NDMI, and NDVI.

analysis reveals that the studied period in the Caceres Pantanal was predominantly
characterized by an extremely dry drought regime. As the accumulated precipitation
decreases for each period, both the mean and standard deviation exhibit an increasing
trend. This indicates a noticeable impact on the overall variability and average values
of rainfall during these specific periods. These results emphasize the importance of
considering the variability and potential consequences of reduced rainfall seasons
when studying the climate dynamics in the analyzed area.

The multi-temporal maps of NDMI and NDVI, along with the multi-temporal and
slope images, demonstrate the importance of satellite data processing methodologies
for analyzing the dynamics of land use/land cover (LULC) changes and their impact
on humidity in the Brazilian Pantanal. This region remains largely pristine, and its
ecological integrity is intricately linked to its hydrology. The methodology provides
information to qualitatively analyze the dynamics of an interested region. All of this is
achieved through the availability of data and processing tools offered by the GEE
platform.

Analyzing land use change dynamics in these areas is crucial for developing new
proposals for interventions to monitor the area and thus provide subsidies to goal 15 of
the 2030 Sustainable Development Agenda, which aims to stop and restore degrada-
tion caused in the environment and to promote reforestation.

The alteration in flooded areas can influence the overall climate of the Pantanal.
Wetlands play a crucial role in regulating temperature, humidity, and precipitation
patterns. A decrease in flooded areas may disrupt these natural climate regulation
mechanisms, leading to changes in local weather patterns and potentially affecting
neighboring regions.
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The findings of this study contribute to a better understanding of the Pantanal’s
hydrological dynamics and provide information for sustainable land management and
conservation efforts in the region. Further research and monitoring are necessary to

assess the long-term implications of LULC changes and develop effective strategies for
preserving the ecological integrity of the Pantanal.
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Chapter 2

Recovery Monitoring of
Tsunami-Damaged Paddy Fields
Using MODIS NDVI

Kohei Cho

Abstract

On March 11, 2011, the Great East Japan Earthquake struck the Tohoku Region of
Japan. A huge area along the northeast coast of Japan was seriously damaged by
earthquake with a magnitude of 9.0 and subsequent tsunami. The view of the coast-
line of the Tohoku Region was dramatically changed by the tsunami. Since then, the
author and his group at Tokai University have been monitoring the recovery of the
tsunami-damaged areas of Miyagi Prefecture through ground survey and satellite
image data analysis. In this study, the authors have investigated how the NDVI
seasonal variability of inundated paddy fields changed from year to year after the
tsunami. The authors have selected two areas in Miyagi Prefecture in Japan for the test
sites of the investigation. One is the paddy fields along the Kitakami River, and the
other is the paddy fields in the Sennan Plain of Miyagi Prefecture. Usually, the NDVI
of typical paddy fields in Miyagi Prefecture gradually increases from May to August
and suddenly decreases in September due to harvesting. The NDVI trend analysis of
both areas clarified how the location of paddy fields influenced recovery from the
damages of the tsunami.

Keywords: remote sensing, Great East Japan Earthquake, Tohoku, MODIS, NDVI

1. Introduction

On March 11, 2011, the Great East Japan Earthquake with a magnitude of 9.0
struck the Tohoku Region of Japan. A huge area along the coast of the northeast coast
of Japan was seriously damaged by the earthquake and subsequent tsunami. Figure 1
shows the epicenter and the seismic intensity distribution of the earthquake [1]. The
maximum height of the tsunami was 9.3 m recorded in Soma, Fukushima Prefecture
(see Figure 2). A total of 561 sq. km was inundated by the tsunami [2]. More than
19,000 people were lost and more than 2592 people are still missing [3]. The Great
East Japan Earthquake can be characterized by the heavy damages caused by the
huge tsunami. Figure 3 shows aerial photos of the paddy fields of Wakabayashi-ku,
Sendai City, Miyagi Prefecture reflecting how seriously the area was damaged by the
tsunami [4].
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Figure 1.
Epicenter and seismic intensity distribution of the Japan Earthquake (Mar. 11, 2011, JMA) [1].
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Figure 2.
Observed maximum height of tsunami (Mar. 11, 2011, JMA) [1].
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(b)

Figure 3.
Aerial photos of Wakabayashi-ku, Sendai City, Miyagi Prefecture (provided by Sendai City). (a) Tsunami
striking paddy fields (March 11, 2011) and (b) inundated paddy fields (March 14, 2011) [4].
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More than 5000 satellite images were taken within 2 weeks after the disaster under
international cooperation [5-7]. The comparison of the satellite images taken before
and after the disaster enhanced the serious damages in the area. After the Great East
Japan Earthquake, various studies on monitoring the damages of the earthquake and
associated tsunami were performed. JAXA has taken a total of 643 images of the
damaged areas using AVNIR2 and PALSAR onboard the ALOS satellite, and these
images were used for damage analysis [8]. Koshimura et al. [9] reviewed how remote
sensing methods have been used to contribute to post-tsunami disaster response.
Remote sensing is a necessary technology for monitoring the damages of disasters.
Liou et al. [10] analyzed MODIS data of before (2010) and after (2011) the tsunami,
and evaluated the area of rice fields lost by the tsunami. They estimated the total loss
area of paddy fields after the tsunami using MODIS data. However, remote sensing
should also be used for monitoring the recovery of the damaged areas. Since 2011, the
authors are monitoring the recovery of the tsunami-damaged areas of the Miyagi
Prefecture by ground survey and satellite image data analysis [11-14]. In this study,
the author and his team have applied a multitemporal analysis of MODIS NDVI to
evaluate the recovery status of paddy fields [15].

2. Test site

The authors have selected two areas in Miyagi Prefecture in Japan as the test sites
for the investigation. One is the paddy fields along the Kitakami River, and the other is
the paddy fields in the Sennan Plain.

2.1 Kitakami River

The Kitakami River is the fourth largest river in Japan with a length of 249 km.
The source of the river is in the northern part of Iwate Prefecture and it flows down
to Miyagi Prefecture. In Miyagi Prefecture, the river bends to the east and flows into
the Pacific Ocean (see Figure 4). Figure 5 shows the optical sensor AVNIR2 images
taken from the ALOS satellite of JAXA before and after the tsunami. It is clear that a
huge area of paddy fields along the river was inundated by the tsunami. Figure 6
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Figure 4.

Mayp of the Kitakami River before the tsunami (blue square frame corresponds to the area of Figure 5).
(Source: GSI Maps).
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Figure 5.
ALOS/AVNIR2 images of the Kitakami River taken before and after the tsunami (AVNIR2: Band 1: Blue, Band
3: Red, Band 4: Green, provided by JAXA). (a) February 27, 2011 and (b) March 19, 2011.

shows the aerial photos of the mouth of the river taken before and after the tsunami.
It is shocking to see how the scenery of the mouth of the river is completely changed
by the tsunami.

Figure 7 shows MODIS false composite images around the Kitakami River. By
looking at the time series of MODIS images, we can recognize the changes in the form
of the river reflecting the damage and recovery along the river. However, on the other
hand, it is also clear that the 250-m special resolution of MODIS is not enough for
spatially evaluating the damages and recovery of the paddy fields in this area. As a
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(b)

Figure 6.
Aerial photos of the mouth of Kitakami River taken before and after the Tsunami [16]. (a) July, 1995 and
(b) April 4, 2011.

result, considering that MODIS can observe the same area every day, the author has
decided to monitor the damages and recovery by comparing the time series of MODIS
NDVI of particular paddy fields.
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Figure 7.

Time series of MODIS images of Kitakami River and it’s surroundings. The red vectangle corresponds to the area of
Figure 4 (MODIS Band 1: blue, ved, Band 2: Green). (a) February 16, 2011, (b) March 13, 2011, (c) April 5,
2011, (d) August 13, 2011, (e) October 19, 2011 and (f) December 24, 2011.

2.2 Sennan Plain

The second test site we selected is Sennan Plain of Miyagi Prefecture. The Sennan
Plain is located in the southeast along the coast of Miyagi Prefecture facing the Pacific
Ocean as shown in Figure 8. Huge agricultural fields, mostly paddy fields, of the
Sennan Plain were seriously inundated by the tsunami. Figure 9 shows an aerial photo
of Sendai Airport that was taken at the time when the tsunami inundated the area on
March 11, 2011, after the earthquake. Figure 10 shows the AVNIR2 images of this area
taken before and after the tsunami. It is obvious that most of the paddy fields along
the coast were inundated by the tsunami. The dotted line box in Figure 8 shows the
test site for evaluating how the 16 days of MODIS images were composed into a single
image (see Chapter 3).
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Figure 8.
Location of the test site. (Source: Google Maps).

Figure 9.
Aerial photo of the Sendai Airport and it’s surroundings (March 11, 2011 Japan Coast Guard).

3. Analyzed data

NDVI (Normalized Difference Vegetation Index) defined by the following for-
mula is a typical index for estimating the condition of vegetation [17].

NDVI = (NIR-VIS)/(NIR + VIS) 1)

Where NIR: near infrared band; VIS: visible red band.
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Figure 10.
ALOS/AVNIR2 images of the Wakabayashi-ku taken before and after the Tsunami (AVNIR2: Band 1: blue,
Band 3: ved, Band 4: green, provided by JAXA). (a) February 27, 2010 and (b) March 14, 2011.

Band Wavelength IFOV Swath
1 0.620-0.670 pm 250 m 2330 km
2 0.841-0.876 pm
3 0.459-0.479 pm 500 m
4-7 0.545-2.155 pm
8-36 0.405-14.385 pm 1000 m

Table 1.

Specifications of MODIS [18].

Since inundated paddy fields are likely to reduce the reflectance of NIR, the dam-
ages may be enhanced in the value reduction of NDVI. In this study, NDVI derived
from MODIS data of the Terra satellite was used for the analysis. Table 1 shows the
specifications of MODIS. For calculating NDVI with formula (1), MODIS Band 1 is
used for VIS, and Band 2 is used for NIR. As for the test site of the Kitakami River,
MODIS NDVI monthly composite data provided by GSI (Geospatial Information
Authority of Japan) was used [19]. As for the test site of the Sennan Plain, the 16-day
composite of MODIS NDVI dataset (MOD13Q1 [18, 20, 21]) provided by NASA [23]
was analyzed. AVNIR2 images of the ALOS satellite of JAXA were used as the reference
for selecting the sample areas. Table 2 shows the specification of AVNIR2 [24].

Figure 11 shows 16 MODIS Band 1 images of the area of the dotted line box in
Figure 8 from July 28 to August 12, 2014. Certain areas of each image are covered with
clouds. Table 3 shows the pixel reliability key [22] of MODIS provided by NASA. This
pixel reliability data is used in MOD13Q1 when calculating 16-day composite MODIS
NDVI. In addition, Band 3 was used for detecting the bright area such as clouds or
snow. For example, if only the data of three days among 16 days were Good Data (0)
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Band Wavelength IFOV Swath
1 0.42-0.50 pm 10 m 70 km
2 0.52-0.60 pm
3 0.61-0.69 pm
4 0.76-0.89 pm

Table 2.

Specifications of AVNIR2 [23].

/11 8/12

Figure 11.
MODIS Band 1 image (2017).

Rank key Summary QA Description

-1 Fill/no data Not processed

0 Good data Use with confidence

1 Marginal data Useful, but look at other QA information

2 Snowl/ice Target covered with snow/ice

3 Cloudy Target not visible, covered with cloud
Table 3.

MODIS pixel veliability key [22].

and the others were No Data (—1), the three days data are averaged for calculating the
16-day composite. Figure 12(a) shows the result of 16-day composite. Most of the
clouds are well rejected. Figure 12(b) shows which day was used for each location.
This image shows that though the image was acquired within 16 days, the exact
observation dates of NDVTI are quite different from pixel to pixel.
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Figure 12.
MODIS 16 days composite. (a) Result and (b) day distribution.

4. Methodology
4.1 Seasonal variability evaluation

Figure 13 shows the typical MODIS NDVI seasonal variability of normal paddy
fields in Miyagi Prefecture. This graph was derived by averaging monthly NDVI of

2010-2017

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

NDVI

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 13.
MODIS NDVI seasonal variability of normal paddy field. (Monthly NDVI data were averaged from 2010 to
2017).
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normal paddy fields that were not suffered by the Tsunami from 2010 to 2017. In
Tohoku Region, the NDVTI of a paddy field gradually increases from May after the rice
planting and reaches to a peak in August. From September to October, NDVI suddenly
goes down after the harvesting. The author has examined how this seasonal NDVI
pattern changed before and after the Tsunami.

4.2 Interpolation of irregular value of NDVI in the 16-day composite

When we checked the NDVI seasonal variation of various paddy fields using the 16-
day composite of MODIS NDVI, irregular reductions in NDVI value were often

1
0.9

——2010
—2017

=2

I r T I T T I T T T T T
Jan Feb Mar Apr May lun Jul Aug Sep Oct Mov Dec

Month

(a)

Z —2010
—2017

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

(b)

Figure 14.
MODIS NDVI seasonal variability of normal paddy field. (a) Original NDVI and (b) interpolated NDVI.
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observed. Figure 14 shows such an example. The graph for 2017 has an abnormal
reduction of NDVI in July. The graph of 2010 also has reductions in January and
February. The numbers in the graph correspond to the pixel reliability key described in
Table 3. “2” corresponds to snow/ice and “3” corresponds to clouds. So, we can under-
stand that a big reduction of NDVI values was caused by the snow or clouds cover
during 16 days. These irregular values of NDVI make it difficult to understand the
condition of the paddy fields. On the other hand, even though the pixel reliability key is
“3” (cloudy), many of the NDVI values looked normal. So, simply using the pixel
reliability key for extracting irregular values is not appropriate. Also, it has become clear
that most of the points where the NDVI was 0 were the areas that were covered with
snow. These problems had to be solved. The authors have examined ways to extract the
irregular value of NDVI by comparing the NDVI value before and after the period. In
this study, we defined the following two equations to interpolate the irregular value of
NDVL

If NDVI(t — 1) — NDVI(t) > 0.1 and

If NDVI(t + 1) — NDVI(t) > 0.1

or NDVI(t) = 0

then

NDVI(t) = {NDVI(t — 1) + NDVI(t + 1)} /2 )

If NDVI(t)<0.1and If NDVI(t + 1) <0.1
then

NDVI(t) = {NDVI(t — 1) + NDVI(t +2)}/2 3)

t: target period (1 to 23).
The result of applying this method is shown in Figure 14(b). The seasonal
variability became similar to the normal paddy field shown in Figure 13.

5. Result
5.1 Kitakami River

As shown in Figures 5 and 6, the Kitakami River was seriously damaged by the
Tsunami. In order to evaluate the damage difference of the paddy fields located along
the Kitakami River, the author have selected nine sample points, namely T1 to T9, as
shown in Figure 15. The map is an inundated map produced by GSI after the Tsunami.
The pink areas correspond to the inundated areas. Figure 16 shows the seasonal NDVI
variability graph of 2009 to 2012 for each sample point.

We compare seasonal NDVI graphs shown in Figure 16, all the graph patterns of
2009 and 2010, before the tsunami looks similar to the pattern of the normal paddy
fields as shown in Figure 13. However, the patterns of 2011 and 2012 are quite
different from one sample point to the other. Particularly, if we compare the patterns
of the year 2011, it is clear that the NDVI values gradually reduced from T1 to T9.
These changes can be explained as follows. The damages of the paddy fields far from
the river mouth, namely sample points T1 to T4, were not much. The damages of the
paddy fields in the middle, namely sample points T5 and T7, were quite serious.
Finally, the damages of the paddy fields near in the mouth of the river, namely sample
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Figure 15.
Sample point of NDVI plotted on the inundated map of the Kitakami River.
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Figure 16.
Seasonal NDVI Variability comparison of the nine sample points. (a) T1, (b) T2, (c) T3, (d) T4, (¢) T5, (f) T6,
(@) T7, (h) T8 and (i) T9.

points T8 and T9, were most serious, and NDVI value did not go up to more than 0.6
throughout the years of 2011 and 2012.

Figure 17 shows the NDVI comparison of August from T1 to T9 for 2009 to 2012.
The NDVI values of T1 to T9 are almost the same for 2009 and 2010. However, as for

T1 T2 T3 T4 T5 T6 T7 T8 T9
Sample Point

Figure 17.
NDVI comparison of August from 2009 to 2012 of the sample points T1 to T9.
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2011, the NDVI value dramatically reduced from T1 to T9 reflecting the damage
difference of paddy fields according to the distance from the mouth of the river.
Though the pattern of 2012 is similar to the pattern of 2011, some increase of NDVI
value can be observed reflecting the recovery of the paddy field. The paddy fields
around the mouth of the river were completely destroyed and needed to be reclaimed
to reconstruct the paddy fields, and the author terminated the NDVI comparison of
the paddy fields around the Kitakami River and shifted to the detailed study of the

paddy fields in the Sennan Plain.

5.2 Sennan Plain

Figure 18 shows a part of the agricultural recovery map of the Sendai Area pre-
pared by the Miyagi Prefectural Government [25]. The area framed in red is the area
that suffered from the Tsunami. The area colored in white corresponds to the area
where the tsunami did not come or was not much affected by the tsunami. The area
colored in yellow corresponds to the area where the recovery project started in 2011,
the green area started in 2012, and the purple area started in 2013. It is quite reason-
able that the agricultural recovery project started from the inland areas where the
damages of the tsunami were lighter than the inshore areas. Then, the recovery project
was expanded toward the inshore areas. To evaluate the status of the recovery project,
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Figure 18.
Paddy Field Recovery Project Map [24].
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Figure 19.

MODIS NDVI seasonal variability of a normal paddy field (sample point P1). (a) Before interpolation and (b)
after interpolation.

the authors have selected four sample points as shown in Figure 18. @ shows the
sample point P1 selected from the normal inland paddy field that was not affected by
the tsunami. @ shows the sample point P2 selected in the area of recovery project
started in 2011. @ shows the sample point P3 selected in the area of recovery project
started in 2012, and = shows the sample point P4 selected in the area of recovery
project started in 2013.

The interpolation method was applied to the 16-day composite MODIS NDVI for
the paddy fields selected in Figure 18. The result of before and after applying the
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Figure 20.

MODIS NDVI seasonal variability of inundated inland paddy field (sample point P2). (a) Before interpolation
and (b) after interpolation.

method to the MODIS NDVI seasonal variabilities from 2010 to 2015 is shown in
Figures 19-22. In all four figures, by applying the proposed interpolation method,
irregular reduction of NDVI during the winter due to the snow cover (see (a) of each
figure) was well interpolated by the data of before and after the period, and the
normal paddy filed pattern became clear in (b) of each figure. At the same time, the
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Figure 21.

MODIS NDVI seasonal variability of inundated inshore paddy field (sample point P3). (a) Before interpolation
and (b) after interpolation.

NDVI reduction patterns in the year 2011 and afterward due to the effects of the
tsunami were well preserved after applying the interpolation method.

The NDVI values from July to August were averaged and plotted from 2010 to
2014 for the four sample points as shown in Figure 23. If we assume that the paddy
fields whose NDVI values were less than 0.65 were damaged by the tsunami, we may
conclude as follows. The NDVI values of sample point P1, the normal paddy field, are

35



Vegetation Index and Dynamics — Methodologies for Teaching Plant Diversity and Conservation...

==2010
==2011
-—=2012
-—2013
~-2014
—2015

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

(a)

2010
—2011
—2012
-—2013
2014
—2015

0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month
(b)
Figure 22.

MODIS NDVI seasonal variability of seriously inundated inshove paddy field (sample point P4). (a) Before
interpolation and (b) after interpolation.

all over 0.7 reflecting the no damage from the tsunami. As for sample point P2, the
inundated paddy field where the recovery project started in 2011 reduced the NDVI
value from 0.83 to 0.63 in 2011, but recovered to 0.83 in 2012. As for sample point P3,
the inundated inshore paddy field where the recovery project started in 2012 reduced
the NDVI value from 0.79 to 0.35 in 2011 and 0.4 in 2012, but recovered to 0.78 in
2013. As for sample point P4, the inundated inshore paddy field where the recovery
project started in 2013 reduced the NDVI value from 0.76 to 0.53 in 2011, and 0.60 in
2012 and 2013, but recovered to 0.83 in 2014. The result suggests that the recovery
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Figure 23.
MODIS NDVI variability of the four sample points for each summer.

project was performed steadily, and the recovery of the paddy fields was achieved
within a year in each project.

6. Conclusion

In this study, the authors have investigated how the NDVI seasonal variability of
paddy fields changes before and after the tsunami that struck the Tohoku Region of
Japan on March 11, 2011. The authors have selected two areas, namely the paddy fields
along the Kitakami River and in the Sennan Plain of Miyagi Prefecture, as the test sites
of this study.

As for the Kitakami River, the difference in the damages of the tsunami was clearly
reflected in the seasonal variability of NDVI. The inundated paddy fields located on
the upper side of the River shows similar NDVI seasonal variability with normal
paddy field in 2011 and also in 2012. This means that the inundated paddy fields on
the upper side of the river were not as serious as the lower side of the river. However,
the NDVI seasonal variability pattern of the inundated paddy fields near the mouth of
the river was quite different for 2011 and 2012. The result reflected the heavy damage
to the paddy fields in this area.

Time series of the 16-day composite of MODIS NDVI data were analyzed for
evaluating the recovery speed of paddy fields in the Sensan Plain. As a result, in the
inland area where the agricultural recovery project started in 2011, the paddy fields
recovered within 1 year. As for the paddy fields located between the inland and
inshore, the agricultural recovery project started in 2012 and the paddy fields recov-
ered in 2012. The agricultural recovery project started in 2012 for the paddy fields
located at inshore, and the paddy fields were recovered in 2013. By looking only at the
results, you may say that every damaged paddy field analyzed in this study recovered
within 1 year after performing the agricultural recovery project. But, maybe this is not
true. The local government may have investigated the damages of the inundated
paddy fields and systematically scheduled the agricultural recovery project. As a
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result, not all, but most of the paddy fields in this region successfully recovered within
3 years.

As the conclusion of this study, we may say that the seasonal variability evaluation
of MODIS NDVT is quite useful for monitoring the damage and recovery condition of
paddy fields. However, the spatial resolution of MODIS is too low for applying the
classification method to evaluate the recovery condition of the damaged paddy fields.
The paddy field of this region is not so large to be identified with MODIS data, and the
mixed pixel problem may reduce the accuracy of the result. A higher resolution optical
sensor such as the Sentinel-2/MSI with a revisit cycle of fewer days may be needed for
applying the classification method.
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Chapter 3

Estimating Rice LAI Using NDVI:
A Method for Plant Conservation
Education

Rushikesh Kulkarni and Kiyoshi Honda

Abstract

In the field of plant conservation, it has become increasingly important to incor-
porate advancements to make informed decisions and effectively monitor the situa-
tion. This chapter focuses on the use of the Normalized Difference Vegetation Index
(NDVI), a tool derived from satellite observations like Landsat 8/9 and the Moderate
Resolution Imaging Spectroradiometer (MODIS) to estimate the Leaf Area Index
(LAI) of rice, a staple crop. The LAI, which indicates the amount of leaf surface area
for photosynthesis, plays a role in determining crop yield and overall health. By
utilizing NDVI for LAI estimation we can monitor rice crops on a scale without
methods enabling early detection of potential threats or deficiencies. Moreover, this
chapter highlights how integrating satellite-based sensing into plant conservation
education holds potential for advancing our understanding and practices in this field.
While the focus remains on rice, the principles and techniques elucidated have
broader implications, making them adaptable to diverse crops and vegetation types.
As plant diversity continues to face challenges from various anthropogenic factors,
leveraging technological tools like NDVI becomes indispensable. This chapter empha-
sizes the intersection of technology and conservation, offering insights into novel
methodologies that hold promise for the future of plant diversity and conservation
education.

Keywords: NDVI, leaf area index, rice conservation, remote sensing, plant diversity
education

1. Introduction

Plant conservation is a critical global issue that has been garnering significant
attention in recent years [1]. The world’s ecosystems, whether terrestrial, aquatic, or
marine, hinge on the variety and vitality of plant species [2]. As primary producers,
plants form the base of food chains, driving ecosystem functions and providing
services that are indispensable for human survival. Hence, it is imperative to have a
comprehensive understanding of plant diversity and its conservation status.

Tragically, the planet has been witnessing an alarming loss of plant diversity [3].
A myriad of factors, including habitat destruction, overexploitation, pollution, and
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climate change, have led to the extinction of numerous plant species, with many more
teetering on the brink [4]. This is a loss especially when we consider the roles that
plants play in capturing carbon, producing oxygen, stabilizing soil, and purifying
water.

Considering the importance of preserving plants, observing and monitoring crops
becomes extremely important. This helps in identifying any signs of stress caused by
diseases, pests, or environmental factors allowing for intervention to minimize harm.
In addition, crop monitoring plays a role, in maximizing resource utilization, improv-
ing crop yields, and ultimately ensuring food security.

The progress in technology has accelerated the progress of crop monitoring based
on sensing [5]. This includes using satellite and aerial images to keep an eye on the
growth well-being and productivity of crops. Remote sensing offers an invasive way
to collect up-to-date information across vast areas making it an extremely valuable
tool for monitoring crops.

Vegetation indices play a role in monitoring crops using remote sensing. Two
important indices are the Normalized Difference Vegetation Index (NDVI) and the
Leaf Area Index (LAI). These indices utilize the reflectance values of types of radia-
tion to gain insights into the health and vitality of crops. NDVI for example measures
the greenness of vegetation. It is commonly used to evaluate plant health, growth
stage, and biomass. On the other hand, LAI quantifies the amount of leaf material in
crops, giving an indication of photosynthesis and overall yield.

When we consider the context of ‘Methodologies, for Teaching Plant Diversity and
Conservation Status’ we can see that it’s crucial to include techniques such as remote
sensing and the utilization of vegetation indices in comprehensive plant conservation
education. It’s not only about grasping the aspects of plant diversity and conservation
but also about applying contemporary technologies and methodologies for practical
real-world purposes.

By incorporating these techniques into the curriculum we can provide the upcom-
ing generation of conservationists, farmers, and environmentalists with the necessary
skills and knowledge to effectively monitor, safeguard, and preserve the diverse range
of plant species, in our world [6]. Moreover, comprehending and utilizing these
approaches will empower them to maximize resource utilization, improve productiv-
ity, and make significant contributions towards global food security. Ultimately
teaching these methodologies is a part of an education on plant diversity and its
conservation status.

In the field of plant conservation, it has become clear that relying on methods is not
enough to fully grasp the complex relationships found in diverse ecosystems [7]. The
introduction of Remote Sensing technologies has brought about a change in our approach
allowing us to have a ranging perspective of vast landscapes and the intricate interactions
between different plants. Specifically Vegetation Indices like NDVI serve as indicators by
translating data from satellites into metrics that reflect the health and vitality of vegeta-
tion [8]. This fusion of technology with knowledge not only benefits conservationists but
also forms the foundation for modern plant conservation education. By introducing
ecologists and conservationists to these tools we ensure a comprehensive, knowledgeable,
and adaptable approach, to safeguarding our planet’s rich tapestry of plant life.

In this chapter, we explore the process of estimating LAI using NDVI. We specif-
ically highlight its significance in educating about plant conservation. It is crucial to
comprehend the relationship between these vegetation indices and plant growth to
ensure the preservation of plant diversity and the overall health of our planet’s eco-
systems.
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2. The role of crop monitoring in plant conservation
2.1 Importance of regular crop monitoring

Regularly monitoring crops is a task in agriculture that also contributes to plant
conservation [9]. It involves assessing the condition of crops, their growth stages, and
potential risks to ensure they grow healthily and produce yields. This does not guar-
antee food security. It also plays a significant role in preserving the diversity of plants.
By conducting crop monitoring, farmers can identify signs of diseases, pest infesta-
tions, or environmental stressors [10]. Taking action can minimize the impact of these
factors, promote healthy crop growth, and reduce the risk of losing plant species.

Frequent crop monitoring is also important for optimizing resource utilization.
Agriculture requires amounts of water, nutrients, and other resources. By monitoring
crop conditions and requirements, farmers can optimize the use of these resources
effectively while minimizing waste and environmental harm [9]. For example,
employing precision irrigation systems based on data collected through crop monitoring
can significantly reduce water consumption while ensuring that plants receive moisture.

Furthermore, regular crop monitoring enables data collection on crop growth and
development. These data are invaluable for researchers and policymakers involved in
efforts to conserve plants. It helps them understand the needs and challenges faced by
crop species facilitating the development of more efficient conservation strategies.

2.2 Implications of crop monitoring on plant conservation

Crop monitoring plays a crucial role in plant conservation for several reasons.
Firstly it aids in detecting and managing diseases, pests, and environmental stressors
at a stage. By acting, we can minimize the impact of these factors on crop growth and
reduce the risk of losing important species. This is especially important for crops that
are vital for food security and have limited diversity.

Secondly, crop monitoring allows us to optimize resource utilization effectively. By
monitoring the conditions and requirements of crops, agriculturists can make use of
water, nutrients, and other resources while minimizing waste and environmental harm.
This approach is essential for agriculture practices that aim to conserve resources.

Thirdly, comprehensive data collected through crop monitoring provide insights
for developing conservation strategies. Understanding the needs and challenges faced
by crop species enables us to create more effective conservation plans. Preserving the
diversity of crop species is crucial not only for ensuring food security but also for
adapting to changing environmental conditions.

Regular crop monitoring is indispensable in preserving plant diversity. It enables
the detection and management of threats while optimizing resource utilization and
informing conservation strategies. Incorporating technologies such as remote sensing
and vegetation indices can further enhance the effectiveness of crop monitoring
efforts worldwide in plant conservation [5, 11].

3. Remote sensing in crop monitoring

The field of sensing has experienced advancements in the last few decades. Ini-
tially, remote sensing relied on photographs taken from aircraft, which provided a
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down view of the land surface and were primarily used for mapping and land use
planning. However, these methods had limitations in agriculture due to their level of
detail and inability to capture data across spectral bands.

The introduction of satellite technology brought about a breakthrough in sensing.
Satellites equipped with sensors of capture data across spectral bands at varying
spatial and temporal resolutions opened up new opportunities for agricultural appli-
cations. The development of hyperspectral sensors further enhanced this capability by
providing information about vegetation and soil properties through data collection in
specific narrow spectral bands.

In recent times, unmanned aerial vehicles (UAVs) have emerged as tools for
agricultural remote sensing. Equipped with sensors such as hyperspectral and thermal
sensors, UAVs can capture high-resolution data at a relatively lower cost [12]. This
accessibility has made remote sensing more feasible for medium farms while also
facilitating the growth of precision agriculture [13].

Crop monitoring heavily relies on continuous monitoring. It involves the use of
various important measurements to assess plant health, vitality, and response to stress.
One of the indicators is the LAI, which measures the amount of green leaf area in relation
to the ground area. LAI’s utility is manifold: it not only delineates canopy structure but
also serves as a proxy for plant photosynthetic capacity. Its significance is further magni-
fied when compared with other indicators like evapotranspiration (ET). ET, which
encompasses the combined processes of water evaporation from the soil and transpiration
from plants, is another salient crop growth indicator. However, monitoring ET presents
inherent challenges, particularly in accurately discerning the proportional contributions
of evaporation and plant transpiration [14]. Additionally, ET’s dependency on various
meteorological parameters complicates its direct estimation from remote sensing data
[15]. In contrast, LAI provides a more straightforward, albeit equally profound, insight
into crop status [16]. While other indicators, such as soil moisture and chlorophyll
content, complement the understanding of crop health, LAI holds a comparative advan-
tage due to its direct correlation with plant physiological activities and its lesser suscepti-
bility to external variabilities, unlike ET. Thus, within the intricate tapestry of remote
sensing indicators, the prominence and utility of LAI are undeniably paramount.

4. Vegetation indices in remote sensing

Vegetation remote sensing primarily involves capturing the reflectance of electro-
magnetic waves from plant canopies using passive sensors. It’s widely recognized that
this reflectance varies based on the type of plant, the moisture content in its tissues,
and other inherent characteristics [17]. Vegetation indices in remote sensing provide
essential quantitative measures of vegetation properties, revealing critical insights
about land surface characteristics. These signatures provide details regarding the
condition, biochemical composition [18], and configuration of a leaf area or canopy.
These mathematical combinations of different bands of the electromagnetic spectrum
are designed to enhance the contribution of vegetation properties while minimizing
the influence of soil and atmospheric conditions. By exploiting the spectral character-
istics of vegetation, indices such as the NDVI and LAI have become invaluable tools in
monitoring vegetation growth, assessing plant health, and estimating crop yield.

The information regarding the biochemical characteristics of vegetation and the
soil beneath it is carried by the radiation that is either reflected or emitted by the
Earth’s surface. Vegetation has a tendency to absorb light in the red parts of the
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spectrum while reflecting light in the near-infrared parts. The absorption of light in
the portion can be attributed to chlorophyll whereas other pigments and water con-
tribute to the absorption in the portion. The reflection occurring in the infrared area is
a result of how light scatters off leaf cell structures.

Vegetation indices take advantage of these characteristics to measure vegetation
properties that are not significantly affected by changes in soil and atmospheric
conditions. For instance, the NDVTI is calculated by comparing the reflectances of red
light and then normalizing the difference by their sum. This index offers a way to
determine how green the vegetation is and is widely used to evaluate plant health,
growth stage, and biomass.

NDVI is commonly used as an indicator of growth or strength. Because of this,
many studies have compared it with the LAI [19], which quantifies the LAI in relation
to the surrounding soil area [20].

4.1 Normalized difference vegetation index (NDVT)

NDVI is a used measure for assessing vegetation. It is calculated using the
following formula:

NIR — RED
- 1
NDVI NIR + RED )

In the infrared region, NIR represents the reflectance while RED represents the
reflectance, in the region. The NDVI values range from —1 to +1, where negative
values indicate areas without vegetation, values close to zero indicate bare soil or
sparse vegetation, and positive values indicate vegetation coverage.

NDVI is a measurement for assessing the greenness of vegetation. It is closely
linked to factors such as chlorophyll content, LAI, and biomass. It is commonly
utilized to monitor plant growth, evaluate plant health, and estimate crop yield [21].

4.2 Leaf area index (LAI)

LAI is a metric in the field of vegetation. It quantifies the coverage of leaves on the
ground per unit area. Assessing LAI is crucial for understanding photosynthesis
potential and crop yield. Researchers can determine LAI by establishing connections
between sensing data, band reflectance, and leaf area index using either relationships
or physical models.

In agriculture, accurately estimating LAI plays a role in evaluating crop growth and
predicting yield [22]. It is a parameter in models used for forecasting crop yield,
scheduling irrigation, and applying fertilizers [13]. Additionally, it aids in the detec-
tion of plant stress and diseases, enabling farmers to take actions to minimize losses.

LAI serves as an indicator of crop growth offering insights that can optimize
agricultural practices for higher yields and more sustainable farming. Measuring LAI
(Leaf Area Index) can be achieved through various methods, such as destructive
methods, indirect methods, and remote sensing techniques.

4.2.1 Destructive methods

This method is considered the precise way to measure LAI It entails plucking the
leaves from the plant and gauging their size [22]. A typical practice involves
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harvesting leaves from a group of plants within a ground area. Once harvested, the
leaves are scanned for area measurement. Although this approach yields results, it
requires labor and, as implied by its name, causes harm to the plants.

4.2.2 Indirect methods

These techniques involve calculating the LAI without the need to physically
remove and measure the leaves [21].

4.2.2.1 Optical instruments

Indirect LAI measurements are often conducted using instruments such as the LAI
2000, LAI 2200, or digital hemispherical photography. These instruments gauge the
amount of light that passes through the canopy at heights allowing for an estimation of
the LAI [22].

4.2.2.2 Remote sensing

This approach involves utilizing satellites or high-altitude aircraft to gather reflec-
tance data from the vegetation surface. Empirical relationships or physical models are
then utilized to establish a connection between these reflectance data and the LAIL

Each of these approaches has its strengths and limitations. Destructive methods
offer the measurements but require significant manual effort and may not be suitable
for monitoring large areas or when continuous observation is needed. Optical instru-
ments are less labor-intensive and enable monitoring, although they may have slightly
lower accuracy compared to destructive methods. Remote sensing allows for moni-
toring. It might be slightly less accurate than ground-based methods due to factors
such as cloud cover or soil background influence.

NDVI and LAI are valuable tools for crop monitoring and provide valuable infor-
mation about plant health, growth stage, and yield potential [23]. Despite some
limitations, they provide real-time data over large spatial scales, facilitating the timely
detection of stress factors and optimizing resource use. Incorporating NDVI and LAI
into crop monitoring practices can contribute to sustainable agriculture and plant
conservation efforts.

5. Case study: estimating rice LAI using NDVI

Case studies serve as an indispensable pedagogical tool, providing students with a
unique platform to bridge theory and real-world applications, thereby fostering the
development of their analytical and problem-solving acumen. The immersive and
interactive nature of case studies positions them as a cornerstone in effective teaching
and learning, equipping students with the skills necessary for their future professional
endeavors.

Within the context of this chapter, we narrow our focus to a case study centered on
the utilization of the NDVI, derived from MODIS Surface Reflectance data. Our
primary objective is to estimate the LAI of rice, shedding light on the intricate meth-
odologies that underpin our understanding and pedagogical approach to plant diver-
sity and conservation status. This exploration at the intersection of remote sensing
technology, agronomy, and conservation education highlights the strides made in the
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realm of plant growth, health, and diversity estimation. LAI, a pivotal indicator of
crop growth, emerges as a multifaceted tool with applications not only in agriculture
but also as a pedagogical catalyst in the realm of plant conservation education.

In this chapter, we venture into the profound implications of retrieving LAI from
NDVI, offering an in-depth and original perspective tailored for advanced readers
with extensive prior knowledge. By meticulously dissecting the intricate relationship
between LAI and NDVI, we pave the way for a deeper comprehension of plant
diversity and the delicate equilibrium of conservation within our ecosystem. Our
exploration of modern methodologies, notably NDVI-based LAI estimation, illumi-
nates the transformative potential of technical knowledge in cultivating a heightened
appreciation for plant life and its preservation.

5.1 Materials and methods
5.1.1 Description of study area

The research focal point for this case study resides within the expansive rice fields
of the Song Phi Nong District, located in the heart of the Suphan Buri Province,
Thailand. This geographic context, illustrated in Figure 1, presents a uniformly char-
acterized terrain, meticulously analyzed utilizing advanced Landsat 7 ETM+,
complemented by comprehensive land use maps and aerial imagery. The study period
spans from January to April 2006, a critical growth phase for the initial crop cycle in
this province.

The topographical essence of the study area reveals a predominantly flat low-land
terrain, contributing to the perennial inundation of the rice fields throughout the
monsoon season. This region’s climatic conditions manifest three distinct seasons: a
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Figure 1.
Location of the Study area in the Suphan Buri Province, Central Thailand.
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rainy period from May to October, followed by a cool, dry interlude extending through
November to February, and culminating in a hot, dry season from March to May. These
cycles influence the annual rainfall, averaging between 900 to 1300 mm, and solar

radiation approximating 17 MJ m>d " with temperature fluctuations ranging from a
peak of 33 — 34°C to a low of 23 — 24°C. This climatic backdrop, interspersed with
technological interventions, lays the foundation for the in-depth examination and esti-
mation of Rice LAI employing NDVI within this intricate agricultural landscape.

5.1.2 Fild data collection

The acquisition of precise spectral reflectance and Leaf Area Index (LAI) data
during the course of this study was a critical component of our research methodology.
To ensure the accuracy and reliability of our findings, a meticulous field data collec-
tion process was undertaken. This section provides an exhaustive account of the
instruments, techniques, and procedures employed for this purpose.

Spectral reflectance, a pivotal parameter for our study, was measured using a state-
of-the-art spectroradiometer. The data acquisition process commenced during the
initial stages of rice growth and extended through to the harvesting period. Notably,
spectral reflectance readings were recorded at specific times between 9:00a.m. and
11:00a.m. This timing was selected deliberately, as the employed LAI-2000 Plant
Canopy Analyzer (PCA) does not rely on direct solar radiation for LAI measurements.
Furthermore, it is imperative to capture LAI with a low sun elevation angle, which is
typically achievable during morning or evening hours.

In order to mimic satellite data acquisition conditions, spectral reflectance readings
were captured at five different angles, separately in the East and West directions. This
strategic approach aligns with satellite data acquisition patterns, which predominantly
move in the North-South direction while capturing reflectance in the East-West direc-
tion. Each spectral reflectance measurement involved 150 intervals, ranging from 0° to
60°, as precisely marked on a custom-made clinometer; refer to Figure 2. This level of
granularity enabled us to examine the Bidirectional Reflectance Distribution Function
(BRDF) effect in the field, as illustrated in Figure 2. For each day of ground truthing,
five readings of spectral reflectance were recorded at each of the five different angles in
both the East and West directions. These readings, along with the corresponding five
LAI measurements from five sampled locations, were meticulously averaged.

Over the data collection period spanning from 12tk February to 2nd April, a total of
eight readings of spectral reflectance at each of the five different angles and eight
readings of LAI were obtained in the field. The setup involved clamping the fiber optic
wire of the spectrometer at each angle, where spectral reflectance readings were
recorded in both directions. Consequently, a total of ten readings of spectral reflec-
tance were measured each day during ground truthing activities. The spectrometer
utilized in this process covered the spectral range from 304 nm to 1135 nm, with a
precision increment of 1 nm.

To facilitate the comparison between in situ NDVI and MODIS data, the average
reflectance for the red band was computed within the wavelength range of 620 nm to
670 nm, while for the near-infrared band, calculations were performed within the
wavelength range of 841 nm to 876 nm.

The estimation of the NDVI from in situ spectral reflectance readings was
conducted on a weekly basis throughout the data collection phase. These in situ NDVI
values were subsequently juxtaposed with NDVI estimations derived from 8-day
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Figure 2.
Schematic diagram of clinometer setup used to measure surface reflectance in the field with various angles.

composite MODIS surface reflectance data acquired during corresponding weeks of
ground truthing, as depicted in Figure 3. Notably, two of the field data collection
dates, namely 26tk February and 3rd March, corresponding to the 8-day composite
period from 26tk February to 5th March (refer to Table 1 for details).

5.1.3 Methodology

The workflow of the methodology used in this study is presented in Figure 3.
It entails the acquisition of atmospheric-corrected MODIS surface reflectance
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Figure 3.
Comparison of Field-Estimated NDVI at o° Viewing Angle with MODIS Surface Reflectance-derived NDVI.
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Field data collection dates MODIS 8-day composite dates

12th Feb 10th Feb-17th Feb

19th Feb 18th Feb-25th Feb

26th Feb 26th Feb-5th March

3rd March 26th Feb-5th March

12th March 6th March-13th March

19th March 14th March-21th March

26th March 22th March-29th March

2nd April 30th March-6th April
Table 1.

Comparison of field data collection dates and MODIS 8-day composite reflectance data capture dates.

data, which are then compared to the concurrently gathered field-derived NDVI
using a precise fiber optic spectroradiometer. This comparative analysis serves as
the cornerstone for establishing the intricate relationship between MODIS-derived
NDVI and LAI, as thoughtfully delineated within the methodology’s flowchart in
Figure 4.
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Workflow of the methodology.
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5.2 Results and discussion
5.2.1 Correlation analysis of in situ NDVI and NDVI derived from MODIS

The study focused on contrasting in situ NDVI measurements against those
derived from MODIS. Upon comparison of eight in situ NDVI values against seven
MODIS-derived NDVI values, distinctions were evident, particularly in early crop
development stages. During this phase, the paddy displays a dispersed growth pattern
with visible muddy soil amidst the newly germinated rice plants. As evident in
Figure 5, this exposes the canopy to background contamination errors.

From a satellite observational perspective, the inherent angular effect of the
MODIS observation platform can cause the field to appear differently than ground-
based observations, as seen by the naked eye. This phenomenon is attributed to the
angular effect, which, in this scenario, led to an elevation in MODIS-derived NDVI
values. The atmospheric attenuation and the presence of aerosols introduce notable
discrepancies between the surface-measured “true” NDVI and space-determined
NDVI [24]. The comparison of MODIS BRDF nadir-adjusted 16-day composite data
with in situ NDVI, as displayed in Figure 6, revealed analogous growth patterns to in
situ measurements taken at nadir. However, the integration of 16 days of composite
data with data garnered in a single day presents inherent challenges.

SR A AN N Off-Nadir

Figure 5.
Comparing Nadir and Off-Nadir Perspectives: The Interplay of Soil and Paddy Leaf Reflectance.
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Figure 6.
Comparison of NDVI from MODIS (BRDF) Nadir-Adjusted Data and Field-Estimated NDVI.
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Observation angle Relationship R?

0° y =2.447x —1.1838 0.65

15° y = 2.437x —1.1793 0.66

30° y =2.447x —1.1838 0.65

45° ¥y =2.532x — 1.2469 0.67

60° y =2.488x — 1.2068 0.68
Table 2.

Linear correlations between in situ NDVI acquired from spectrophotometer and clinometer at different angles and

the corresponding MODIS NDVI values.
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A comprehensive assessment was conducted by comparing the MODIS NDVI with
the average in situ NDVI, aggregated from measurements taken at five field locations,
both in the East and West directions and across five observation angles. It’s important
to note that the ground truth surface reflectance data were consistently collected
during the morning hours, between 9:00 a.m. and 11:00 a.m. To quantify the associa-
tion, a linear correlation coefficient R* was computed between in situ NDVI from five
angles and the NDVI derived from MODIS surface reflectance as presented in
Table 2. The outcome of this exercise is delineated in Figure 7, illustrating compara-
ble results across all observations. For preciseness, the in situ NDVI was linearly
interpolated to match the view zenith angle of MODIS.

Diving into the technicalities, the MODIS metadata file underscores the specifica-
tions intrinsic to the MODIS surface reflectance product, as documented in Table 3.
The in situ NDVI measurements taken at various angles underwent interpolation to
align with the zenith angle of MODIS, and the subsequent results are tabulated in
Table 4 and presented in Figure 8.

For standardization, the interpolated in situ NDVI was adjusted to a nadir obser-
vation. This elaborate process established a multistage methodology to extract in situ
NDVI from MODIS-derived NDVI. Refer Figure 9.

MODIS data available day DOY View zenith angle Solar zenith angle NDVI
02 Feb 33 6.77 39.20 0.5987
10 Feb 41 7.93 36.59 0.6649
18 Feb 49 6.43 30.69 0.7757
26 Feb 57 8.39 3214 0.7962
06 Mar 65 2226 28.93 0.8199
14 Mar 73 20.07 29.22 0.7835
22 Mar 81 22.45 24.01 0.8748
30 Mar 89 19.39 25.14 0.7643
Table 3.

Characteristics of MODIS on respective dates.

Field data collection day Interpolated in situ NDVI
12 Feb 0.3794
19 Feb 0.5675
26 Feb 0.7362
03 Mar 0.8252
12 Mar 0.8642
19 Mar 0.8616
26 Mar 0.8492
02 Apr 0.7941
Table 4.

Interpolated in situ NDVI corresponding to view zenith of MODIS.
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Figure 8.
Relationship between MODIS NDVI and interpolated in situ NDVL.
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Figure 9.
Cagrzpfw?xon of in situ NDVI estimated at 0° in field and in situ NDVI obtained by derived model.

A noteworthy challenge encountered during this study was the presence of clouds,
which substantially influenced the dataset. Specifically, the remote sensing data
accrued on the 19tk and 22nd of March displayed significant inaccuracies, impacting
the NDVI and LAI calculations. Moreover, while the initial plan encompassed data
collection from seven distinct locations, challenges in rice maintenance at two sites
narrowed the scope to five sites by the end of this research.

In summation, while the inherent differences between in situ NDVI and MODIS-
derived NDVI exist, particularly during the early growth stages, the methodologies
developed and adopted in this study demonstrate the potential to harmonize these
measurements, ensuring more accurate representations for educational and research
endeavors.

5.2.2 Validation of model

From Figure 10, it becomes evident that the model-derived NDVI closely mirrors
the in situ NDVI recorded at a 0° observation angle during the initial stages of rice
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Figure 10.

(a) Comparison of In situ NDVI Measurements at 0° and Model-derived NDVI Over Time and (b) Linear
Regression Analysis between In situ NDVI Measured at 0° Sensing Position and Model-derived In situ NDVI.

growth. This alignment signifies the model’s accuracy and relevance, especially in its
early phases. However, as the rice matures, discrepancies emerge, likely due to con-
taminants in the remote sensing data. These irregularities cause the modeled in situ
NDVI to deviate from the expected outcomes, highlighting areas for further refine-
ment to ensure the model’s robustness and precision in all growth stages.

5.2.3 Correlation analysis of in situ NDVI and in situ LAI

The relationship between in situ NDVI and in situ LAI proves intricate and multi-
faceted (Figure 11). While initial observations might suggest a linear association,
deeper analysis reveals otherwise. As elucidated in prior studies, the NDVT’s sensitiv-
ity to LAI diminishes as the LAI value escalates, typically reaching a threshold
between 2 and 3 [21, 24]. Beyond this threshold, NDVI displays an almost linear
increase in tandem with LAI until reaching an asymptotic region. Here, the NDVT’s
increase becomes markedly lethargic despite further LAI enhancement. This asymp-
totic phase notably coincides with the scenario where the ground surface is predomi-

nantly veiled by foliage. A linear correlation coefficient (R?) was derived by
juxtaposing in situ NDVI at 0° and in situ LAIL. Notwithstanding, it’s salient to note
that a considerable portion of LAI measurements resided within the 4-5 range,
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Figure 11.
Regression analysis of In situ NDVI at Nadir against LAI measurements from a rice field using an LAI Canopy
analyzer.
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rendering a nonlinear correlation analysis between the two in situ parameters more
appropriate for this study.

The outcome from the nonlinear correlation analysis between in situ NDVT esti-
mated at 0° and in situ LAI is as in Eq. (2).

In situ NDVI at 0° = 0.5074 x LAI?313 ()

5.2.4 Final model development

The devised model delineates a two-part progression: firstly, the NDVI transfor-
mation from satellite data to in situ measurements and subsequently, a translation
from in situ NDVI to Leaf Area Index (LAI). In the former segment, analogous vari-
ables, predominantly NDVI, are juxtaposed, ensuring a congruent foundation for
subsequent analysis. Concurrent measurements of spectral reflectance and in situ,
LAI, taken identically in terms of both location and timing within the rice field,
comprise the latter part. This methodological bifurcation, characterized by its multi-
stage modeling, offers a nuanced perspective, arguably surpassing the realism
afforded by single-stage counterparts. Notably, the direct association between MODIS
NDVI and in situ LAI remains unexplored in this research. The in situ NDVI yielded
an RMSE of 0.603, while the LAIs estimation stood at 2.120. Such heightened RMSE
values potentially originate from contamination errors inherent in the remote sensing
data. A specific instance on the 22nd of March revealed an overestimated NDVI value,
which consequentially skewed the LAI computations.

In situ NDVIyopis = 2.2967 x NDVIyiopis — 1.0727 (3)
o\ 31318
LAI = IM (4)
0.5074

Refer to Figure 12 for the model LAI validation against in situ LAI. The discernable
trend showcases the LAI derived from our proposed model aligning closely with the
empirically measured in situ LAI. The observed coefficient of correlation R registered
a value of 0.61, suggesting potential enhancement opportunities through refining the
precision of remote sensing datasets.
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Figure 12.

(a) Comparison of In situ LAI measured by LAI canopy analyzer and Estimated LAI by model. (b) Regression
Analysis of In situ LAI Against LAI estimated developing velationship with NDVI.
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6. Implications for plant conservation education

The incorporation of NDVI methodologies into plant conservation education offers
a promising avenue for enhancing both the depth and breadth of students’ under-
standing of plant diversity and conservation. The process of estimating Rice LAI using
NDVI serves as a case study that illuminates broader implications for plant conserva-
tion education.

6.1 Bridging the gap between theory and practice

Bridging the gap between theory and practice by integrating NDVI-derived meth-
odologies into the curriculum, educators can provide students with hands-on experi-
ences that bridge the gap between theoretical knowledge and practical applications.
Such methodologies not only furnish students with a clear understanding of how
remote sensing technologies can be employed in monitoring plant health and growth
but also demonstrate the transformative potential of these technologies in conserva-
tion efforts.

6.2 Fostering critical thinking and analytical skills

The process of analyzing NDVI data, interpreting results, and drawing
informed conclusions encourages students to develop robust analytical skills. By nav-
igating the complexities associated with remote sensing data, students cultivate a
critical mindset, essential for addressing contemporary challenges in plant
conservation.

6.3 Enhancing interdisciplinary learning

NDVI methodologies sit at the nexus of various disciplines including botany,
environmental science, remote sensing, and data analytics. Incorporating this inter-
disciplinary approach into plant conservation education equips students with a holis-
tic understanding, fostering collaboration across diverse fields and promoting
innovative solutions.

6.4 Addressing real-world conservation challenges

By focusing on real-world applications, such as the estimation of Rice LAI, NDVI-
based education underscores the pressing issues of biodiversity loss and environmen-
tal degradation. It compels students to grapple with real-world scenarios, pushing
them to devise actionable strategies for conservation.

6.5 Preparing for the future of plant conservation

As technology continues to evolve and play an increasingly significant role in
conservation efforts, it’s imperative for the next generation of conservationists to be
well-versed in cutting-edge methodologies like NDVI. Integrating such tools into
educational curricula ensures that students are adequately prepared to leverage tech-
nology in future conservation endeavors.

57



Vegetation Index and Dynamics — Methodologies for Teaching Plant Diversity and Conservation...

6.6 Challenges and considerations

While NDVI methodologies offer numerous educational benefits, it’s vital for
educators to be cognizant of potential challenges. These might include the steep
learning curve associated with remote sensing technologies, ensuring data accuracy,
and addressing the nuances of interpreting NDVI data in varied environmental con-
texts. An in-depth curriculum, supplemented with hands-on training sessions, can
mitigate these challenges.

Eventually, the integration of NDVI methodologies into plant conservation
education holds immense potential for shaping the future of the field. By imparting
both theoretical knowledge and practical skills, educators can foster a new
generation of conservationists, adept at harnessing technology to safeguard our
planet’s biodiversity.

6.7 Future directions for plant conservation education

The rapidly evolving landscape of plant conservation education, underpinned by
technological and ecological advancements, calls for a forward-looking vision. Nota-
bly, the integration of vegetation indices, such as NDVI and LAI, into educational
frameworks has showcased the transformative potential of these metrics in conserva-
tion endeavors. Here, we extrapolate the future trajectories of plant conservation
education, with a spotlight on various vegetation indices.

1. Comprehensive integration of vegetation indices: The pronounced impact of
vegetation indices like NDVI in determining plant health and ecosystem
dynamics mandates their comprehensive integration into curricula. Beyond
NDVI, there’s a need to incorporate a spectrum of indices like the Enhanced
Vegetation Index (EVI), Soil-Adjusted Vegetation Index (SAVI), and others,
ensuring students gain a holistic understanding of their varied applications.

2.Delving deeper into the ecological significance of LAI: LAI is not merely a metric
but an ecological barometer reflecting plant health, productivity, and broader
ecosystem interactions. Future courses should intensify their focus on LAI,
exploring its role in water balance, nutrient cycling, and interspecies interactions
within ecosystems.

3.Embracing advanced technologies for index estimation: As remote sensing
technologies advance, it’s essential for conservation education to stay abreast.
The advent of high-resolution satellite imagery, drone-based observations, and
advanced data analytics platforms promise enhanced accuracy in vegetation
index estimation, warranting their inclusion in advanced courses.

4.Interdisciplinary approaches anchored in vegetation indices: The multifaceted
nature of vegetation indices, spanning botany, geospatial sciences, and data
analytics, advocates for interdisciplinary synergies. Future curricula should
inspire students to perceive these indices through diverse lenses, fostering
comprehensive conservation solutions.

5.Real-world applications and field studies: Theoretical knowledge, while
foundational, is enriched by practical applications. Emphasizing field studies that
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allow students to measure and interpret vegetation indices across different
ecosystems can foster a profound understanding of their real-world implications.

6.Policy advocacy with emphasis on vegetation indices: The centrality of
vegetation indices in gauging ecosystem health positions them as pivotal metrics
in environmental policymaking. Aspiring conservationists should be equipped to
champion policies that prioritize these indices, ensuring their prominence in
environmental evaluations and conservation strategies.

7.Lifelong learning and continuous updates on vegetation indices: The dynamic
nature of the field necessitates an ethos of lifelong learning. As newer vegetation
indices are developed and existing ones refined, continuous education
opportunities can ensure conservationists remain attuned to cutting-edge
methodologies.

As we craft the future of plant conservation education, a harmonious blend of
traditional wisdom and avant-garde methodologies, centered around these indices,
will be instrumental in nurturing conservationists capable of addressing the multifar-
ious challenges of the modern world.

7. Conclusion

In the contemporary landscape of environmental science and conservation, tech-
nological advancements have ushered in novel methods to study and preserve the
planet’s rich biodiversity. One of the pivotal advancements has been the application of
the NDVI derived from satellite observations, such as Landsat 8/9 and the MODIS
surface reflectance. This chapter has elucidated the utility of NDVI in estimating the
LAI of rice, a staple food crop that plays a significant role in global food security.

The estimation of LAI using NDVI offers multiple advantages. Firstly, it provides
an efficient and nondestructive method to gauge the growth and health status of rice
crops. The LAI serves as an indicator of the amount of leaf surface area available for
photosynthesis, a parameter intrinsically linked to crop yield and health. The ability to
remotely assess this metric on a large scale can substantially enhance monitoring
capabilities, making it feasible to detect potential threats or deficiencies early on.

Moreover, the use of NDVI-based methodologies exemplifies the integration of
modern technology into the realm of plant conservation and education. By leveraging
satellite-based remote sensing, educators and conservationists can obtain real-time
data, allowing for more dynamic and responsive conservation strategies. This data-
driven approach not only enhances the accuracy of monitoring but also offers an
opportunity to engage with the broader community, fostering a deeper understanding
and appreciation of the intricate dynamics of plant ecosystems.

It is also worth noting that while this chapter has focused on rice LAI estimation,
the principles and methodologies discussed are adaptable to other crops and vegeta-
tion types. This versatility underscores the potential of NDVI as a tool not just for
rice conservation but for broader applications in plant diversity and conservation
education.

In the grand narrative of plant conservation, the significance of understanding and
preserving biodiversity cannot be understated. As primary producers, plants form the
foundation of most terrestrial ecosystems, influencing everything from atmospheric
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composition to soil health. The loss of plant diversity, as the chapter highlighted, has
far-reaching consequences, affecting not only the health of ecosystems but also the
human societies that depend on them.

Eventually, the use of NDVI in estimating rice LAI presents a confluence of
technology and conservation, paving the way for more informed and effective strate-
gies to safeguard our planet’s biodiversity. As the challenges of environmental degra-
dation and biodiversity loss intensify, it is imperative that educators, researchers, and
conservationists harness the power of such innovative methodologies. This chapter
serves as a testament to the potential of integrating technology with conservation
education, underscoring the need for continuous innovation and collaboration in the
quest to preserve the planet’s rich tapestry of life.
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Abstract

This chapter delves into the intricate relationship between agro-pastoral activities
and plant diversity in Tanzanian grasslands. The study addresses three critical research
questions: the current status of plant diversity in agro-pastoral grasslands, the impact of
anthropogenic activities on plant diversity, and strategies for maintaining plant diversity
in Tanzania’s agro-pastoral grasslands. A systematic literature review and primary
vegetation sampling were conducted. The impacts of agro-pastoralism on plant diver-
sity were observed to have both detrimental and win-win scenarios. Practices such as
deferred and controlled grazing contribute to soil conservation and biodiversity conser-
vation, whereas continuous grazing and land cultivation lead to land degradation and
loss of plant diversity. The study underscores the importance of perennial grasses, which
contribute to soil improvement and provide a stable feed resource base for grazing ani-
mals. However, anthropogenic activities, threaten plant diversity, especially in lowlands.
Altitude is a significant factor affecting plant diversity, with a decline observed in low-
lands subjected to agro-pastoral activities. As human population increased agro-pastoral
activities, the chapter concludes by highlighting the potential negative consequences
on ecosystem services and biodiversity in lakes. It emphasizes the urgency of adopting
sustainable agro-pastoral practices and ecosystem-specific conservation measures to
ensure these vital grassland ecosystems’ long-term health and resilience.

Keywords: anthropogenic activities, ecosystem services, edible plants, inedible plants,
perennial grasses, plant resources

1. Introduction

There are a variety of natural biological resources in grasslands that human beings
rely on for their livelihood, survival, and development. People living in grassland
ecosystems tend to believe that cultivating crops and maintaining pastures offer
more immediate benefits than conserving natural resources and biodiversity [1].
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This implies conflicting goals between agro-pastoralism and biodiversity conserva-
tion as a tendency to maximize services from agro-pastoralism results in overutiliza-
tion and removal of plants that consequently affect plant diversity. This challenges
the management of plant resources in grassland ecosystems since agro-pastoralism
and plant diversity are not independent [2]. There is a progressive growth in human
population and conversion of grassland to agriculture [3]. However, little is known
about the situation’s impact on the diversity of plants that form basal feed resources
for grazing livestock and wild animals in grasslands.

The diversity of species in grasslands has functional implications, as the quantity
and variety of species in the ecosystem dictate the organismal traits that impact eco-
system processes [4]. Species traits can directly influence energy and material flows
or modify abiotic conditions, such as restricting resources, affecting disturbance, and
regulating climate processes [5].

The elements of species diversity influencing trait expression encompass spe-
cies richness, evenness, and composition, and their interactions and variations in
time and space [6]. Plant diversity and the complementarity of plant species are
important regulators of grassland ecosystem productivity [7]. This happens as
aresult of plant species’ response to nutrient availability and resource use effi-
ciency in a diverse plant community. However, the availability of growth-limiting
resources changes along plant diversity gradients under normal conditions. High
plant diversity communities tend to contain species that are able to access scarce
resources during periods of stress, such as accessing water from deeper soil pro-
files or plant nutrients from different soil depths in the rhizosphere [8, 9]. It is,
therefore, plausible to determine plant diversity in grasslands to get clues about
ecosystem health.

1.1 Research questions
i. What is the plant diversity status in agro-pastoral grasslands?

ii. Is plant diversity affected by anthropogenic activities practiced in agro-pastoral
grasslands?

iii. What is the way forward to maintain plant diversity in agro-pastoral grasslands
of Tanzania?

1.2 Objective of the chapter

* To portray the current situation and future prospects of plant diversity in agro-
pastoral grasslands

2. Methodology
2.1 Study sites

The study was conducted in Western Serengeti and Ugalla ecosystems in Western
Tanzania (Figure 1). Western Serengeti is characterized by savannah vegetation that
involves extensive grassland with scattered trees and shrubs. Ugalla ecosystem is found
in miombo woodlands where grasslands mainly exist in seasonally flooded areas.

64



Plant Diversity in Agro-Pastoral Grasslands of Tanzania
DOI: http://dx.doi.org/10.5772/intechopen.1003824

2.2 Data collection and analysis

A systematic review of scientific literature on the impact of agro-pastoralism on
plant diversity in grasslands involved collecting secondary data, following the guide-
lines provided by Pullin and Stewart [10] and Inskip and Zimmermann [11]. Google
Scholar and other search engines were used to determine the body of knowledge
on the subject. To determine relevance and applicability, the search protocol was
preceded by predefined filters for keywords [10, 11]. Primary data on vegetation was
collected by vegetation sampling during the peak blooming period of herbaceous
plants. Each transect was established by recording GPS readings at the starting and
end points within the study area. The foliar cover was determined by visual estima-
tion, and herbaceous plant species within 1 m” quadrats were recorded at every
100 m along each transect. Plant identification followed the nomenclature outlined
by Agnew and Agnew [12]. Each plant species encountered was classified based on
functional attributes, such as life form (grasses and forbs), life span (annual and
perennial), and feeding merit (edible and inedible). The determination of the feeding
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Figure 1.
Map showing the study area.
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merit relied on the experience of research workers, the subjective opinions of rang-
ers and livestock keepers, and support from the literature. The relationship between
agro-pastoral activities and plant diversity in different ecosystems was analyzed using
R software version 4.3.1.

3. Importance of plant diversity for agro-pastoralism

Grasslands serve as a crucial feed resource for grazing animals, and beyond that,
grasses play significant roles in water catchments, biodiversity reserves, and cultural
and recreational aspects [13]. Additionally, they have the potential to act as a carbon
sink, mitigating greenhouse gas emissions [13]. The importance of grasses lies in their
content of linoleic acid, with over half of the total fatty acids consisting of w-3 linoleic
acid, including the potent anticarcinogen conjugated linoleic acid (CLA; [14]).
Research by Dewhurst and King [15] revealed substantial variations in w-3 linoleic
acid content among grass species and cultivars. CLA is linked to significant fat and
protein metabolism regulation, leading to increased muscle formation and decreased
fat content [14]. Consequently, milk and meat containing CLA offer higher nutri-
tional value for humans, underscoring the importance of conserving the biodiversity
of grass species in grasslands.

The diversity of plants in terms of perennial and annual plants is important in
grasslands for ensuring year-round feed resource availability. Perennial grasses,
for example, play a crucial role in maintaining grassland health by being more
productive, supporting extended grazing periods, and enhancing soil quality [16].
Nevertheless, their extended root zones enable the recapture of leached nutrients and
water, contributing to overall soil improvement [16]. Grasslands dominated by annual
grasses are of poorer quality during the dry season because the plants mature faster
and lose nutritive value faster as well. Perennial grasses are observed to be vulnerable
to agro-pastoral activities, and they are replaced by annual grasses [17]. This situation
causes changes in plant diversity in grasslands subjected to anthropogenic activities.

4. Impacts of agro-pastoralism on plant diversity

In Tanzania, agro-pastoral livelihood involves a combination of traditional and
modern practices to fulfill production needs. The choice of agro-pastoralism practices
significantly impacts both herbaceous plant biodiversity and the livelihood of the
local population. Practices such as keeping large herds of grazing animals within
confined areas or grazing continuously on the same range throughout the year lead
to land degradation. This degradation results from the high pressure exerted on plant
species and soil disturbance due to trampling. Additionally, the unrestricted expan-
sion of cultivated land negatively affects herbaceous plant species, reducing the feed
resource base for grazing animals. Animal trampling causes soil compaction, impact-
ing soil density and porosity resulting in poor water infiltration. The removal of
plants due to the large number of grazing animals leaves the land bare, contributing to
surface water runoff during the rainy season leading to soil erosion.

Clearing land and cultivating for crop production fundamentally alter and disturb
a previously stable ecosystem. The cultivated area undergoes immediate succession,
with plant species adapted to bare land conditions and disrupted soil invading and
establishing themselves. This process leads to shifts in plant species composition and,
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consequently, changes in plant biodiversity. Some herbaceous plant species within the
community may become more prevalent, while new species may invade the commu-
nity from neighboring ecosystems.

Erosion of soil from exposed cultivated land during the rainy season leads to the
loss of the top fertile soil, resulting in decreased soil fertility. This diminished fertility
contributes to the establishment of a limited number of plant species, leading to a
reduction in herbaceous plant composition. The decline in herbaceous plant composi-
tion results in lower above-ground biomass production, creating an inadequate feed
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Figure 2.
Conceptual framework on the impact of agro-pastoralism on plant diversity. Adopted from [18].
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resource base for grazing animals. The high number of grazing animals in a shrink-
ing grazing land, coupled with insufficient feed resources in terms of both quantity
and quality, increases grazing pressure. This elevated grazing pressure on palatable
herbaceous plant species leads to the disappearance of these plants and, subsequently,
the loss of herbaceous plant biodiversity. The sequence of events described in this
scenario can be termed as “herbaceous plant biodiversity detrimental scenario.”

On the flip side, agro-pastoralism, as a livelihood strategy, encompasses various
traditional and contemporary best-bet practices, such as deferred grazing (Ngitiri or
Alalili), grass band cultivation, zay pit cultivation (Ngoro system), and controlled
grazing based on proper stocking rates. These optimal agro-pastoralism practices con-
tribute to soil conservation by minimizing disturbances to the soil and native plants,
resulting in the availability of diverse plant species that contribute to high primary
productivity. Sustained high primary productivity ensures a stable feed resource
base in terms of both quantity and quality to support grazing animals. This situation
allows grazing animals to selectively remove herbaceous plants through grazing while
providing an opportunity for the regeneration of plants. This, in turn, contributes to
the biodiversity conservation of herbaceous plants. The sequence of events described
in this scenario can be termed as “herbaceous plant biodiversity win-win scenario.”
Both the “herbaceous plant biodiversity detrimental scenario” and the “herbaceous
plant biodiversity win-win scenario” impact the livelihood of agro-pastoralists, either
negatively or positively. This conceptual framework can be represented by a sche-
matic diagram as follows (Figure 2).

5. Effect of agro-pastoralism on plant diversity in Western Serengeti
and Ugalla grasslands

Changes in plant diversity are attributed to human activities and their effects are
exacerbated by the climatic condition of the site. Vegetation changes in many countries
are associated with climate change, human population growth, and extensive agricul-
ture [19]. The decline in plant diversity affects negatively ecosystem functions and ser-
vices because many species are needed to maintain ecosystem functioning and services
[20]. Anthropogenic activities (Figure 3) contribute to the reduction of plant diversity
[17]. However, their effects differ between different ecosystems due to differences in
plant species composition and environmental factors such as soil and precipitation.

Figure 3.
Anthropogenic activities in the Western Serengeti and Ugalla ecosystem.
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This study showed relatively higher plant diversity (p < 0.001) in Western
Serengeti than Ugalla ecosystem (Figure 4). This could be attributed to differences in
physiognomic aspects of savannah in Western Serengeti and Miombo woodlands in
Ugalla ecosystem.

Grasses form a basal diet for wild and domestic grazing animals, implying that
a grassland ecosystem with a high diversity of grass species supports many grazing
animal species. The current study showed a higher diversity of grass species (p < 0.001)
in Western Serengeti than in Ugalla ecosystem (Figure 5). This concurs with the fact
that many wildlife species are found in Serengeti grassland while the Ugalla ecosystem
harbors few species, particularly specialized feeders such as sable antelope.

This study showed 24 plant species common to grasslands in Ugalla and Western
Serengeti, while 84 plant species were exclusively found in the Ugalla ecosystem and
Western Serengeti (Figure 6).
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Figure 4.
Plant species diversity in the Ugalla ecosystem and Western Serengeti.
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Figure 5.
Diversity of grass species in Western Serengeti and Ugalla ecosystem.
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Ugalla ecosystem \ Western Serengeti

84

(43.8%)

Figure 6.
Existence of plant species in the Ugalla ecosystem and Western Serengeti.

Plant species that were common to the Ugalla ecosystem and Western Serengeti
include Brachiaria brizantha Cynodon dactylon, Cynodon plectostachyus, Dactyloctenium
aegyptium, Digitaria macvoblephara, Digitaria milanjiana, Digitaria ternate,
Gutenbergia cordifolia, Heliotropium steudneri, Hygrophila auriculate, Hyparrhenia
hirta, Justicia exigua, Justicia matammensis, Panicum colovatum, Panicum maximum,
Senna occidentalis, Sesbania sesban, Setaria sphacelate, Setaria verticillate, Sida acuta,
Solanum incanum, Spovobolus festivus, Sporobolus pyramidalis, Tephrosia pumila, and
Triumfetta rhomboidea. Plant species that were exclusively found in each ecosystem
are shown in Table 1.

The unique plant species in each ecosystem need to be conserved because they
mostly support specialized feeders. Local extinction of these species might affect the
existence of specialized feeders in the ecosystem.

Perennial grasses provide a better indication of the health status of grasslands
than annual grasses. Perennials tend to yield higher dry matter and provide better soil
protection than annuals [21]. In that manner, grasslands with a low diversity of grass
species are prone to land degradation by water runoff. In this study, perennial plant
diversity was higher in Western Serengeti than Ugalla ecosystem (Figure 7).

The low diversity of perennial grasses in Ugalla ecosystem makes the ecosystem
prone to soil erosion under cultivation. This compelled smallholder farmers in Ugalla
ecosystem to adopt ridge cultivation to limit water runoff on cultivated land during
the rainy season. The functional role of perennial grasses is both biomass production
and soil important for a stable grassland ecosystem.

Grasslands sustain grazing animals by providing edible plants that are not harmful
and have nutritional values. A high diversity of edible plants ensures the availability
of a balanced ration for the grazing animals to enable their production and reproduc-
tion functions. The current study showed higher diversity of edible plants in Western
Serengeti than Ugalla ecosystem (Figure 8).

The superiority of Western Serengeti in terms of edible plant diversity enables
the area to support a large number of different herbivore species. Inedible plant
species diversity was not significantly different (p > 0.05) in the Ugalla ecosystem
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Ugalla ecosystem Western serengeti
Acalifa indica Abutilon mauritianum
Albuca abyssinica Achyranthes aspera
Amaranthus fimbriatus Altenantheva pungens
Aspilia mossambicensis Andropogon greenwayi
Blepharis maderaspatensis Aneilema petersii

Brachiaria deflexa

Aristida adoensis

Brachiaria scalaris

Avistida kenyensis

Bryophyllum pinnatum

Asparagus africanus

Cardiospermum halicacabum

Aspilia mossambicensis

Chloris roxburghiana

Bidens schimperi

Combretum zeyheri

Blepharis linariifolia

Commiphora mossambicensis

Blepharis maderaspatensis

Conyza bonariensis

Bothriochloa insculpta

Conyza stricta

Brachiaria jubata

Crotalaria pallida

Brachiaria semiundulata

Ctenium newtonii

Brachiaria servata

Cyanotis nodiflova Cenchrus ciliaris
Cyperus cyperoides Chloris gayana
Cyperus esculentus Chloris pycnothrix
Cyperus fimbriatus Chloris vivgata

Cyperus involucratus

Chrysochloa orientalis

Cyperus rotundus

Clitoria ternatea

Cyperus volkielloides

Commelina africana

Digitaria brazzae

Commelina benghalensis

Digitaria mombasana

Corchorus aestuans

Digitaria obtusifolia

Craterostigma plantagineum

Digitaria scalarum

Crotalaria spinosa

Dissotis rotundifolia

Cycnium tubulosum

Dolichos kilimandscharicus

Cyperus pulchellus

Echinochloa colona

Cyperus triceps

Echinochloa haploclada

Digitaria bicornis

Emilia Dlittersdorffii

Digitaria eriantha

Emilia coccinea

Digitaria longiflora

Evagrostis chapelieri

Dyschoriste radicans

Evagrostis leptostachya

Echnochloa pyramidalis

Eragrostis setulifera

Eleusine indica

Eragrostis spectabilis

Evragrostis aspera

Eragrostis superba

Eragrostis cilianensis

Eriochloa fatmensis

Evagrostis racemosa
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Ugalla ecosystem

Western serengeti

Eriosema glomeratum

Eragrostis tenuifolia

Euphorbia candelabrum

Euphobia inaequilatera

Euphorbia grantii Eustachys paspaloides
Euphorbia hirta Gomphrena globosa
Fadogia cienkowskii Gutenbergia petersii
Fuirena umbellata Harpachne schimperi

Gardenia ternifolia

Heliotropium nelsonii

Hibiscus cannabinus

Heteropogon contortus

Hyparrhenia newtonii Hyperthelia dissoluta
Hyparrhenia rufa Hypoxis hirsuta
Indigofera taborensis Indigofera basiflora

Indigofera arvecta

Indigofera hochstetteri

Indigofera capitata

Indigofera spicata

Indigofera conferta

Indigofera volkensii

Indigofera microcarpa

Ipomea mombassana

Indigofera swaziensis

Justicia betonica

Ipomoea caivica

Justicia glabra

Ipomoea involucrate

Kyllinga nervosa

Kohautia caespitosa Kyllinga triceps
Kyllinga nervosa Lepidagathis scabra
Launaea cornuta Leucas aspera

Leersia denudata

Leucas deflexa

Melhania velutina

Macroptilium atropurpureum

Pennisetum polystachion

Microchloa kunthii

Pevotis hildebrandstii Mollugo nudicaulis
Phyllanthus amara Ocimum basilicum
Phyllanthus engleri Ocimum suave

Phyllanthus reticulatus

Omorcapum kirkii

Pittosporum floribundum

Omorcapum trichocarpum

Polygala ruwenzoriensis

Ornithogalum kirkii

Richardia scabra

Oxygonum sinuatum

Senna hildebrandtii

Pennisetum mezianum

Sesamum angustifolium

Portulaca oleracea

Sesamum indicum Portulaca quadrifida
Sida ovata Setaria pumila
Smilax anceps Sporobolus africanus
Spermacoce princeae Sporobolus cordofanus
Sporobolus spicatus Sporobolus ioclados
Stylosanthes fruticosa Sporobolus marginatus
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Ugalla ecosystem Western serengeti

Tephrosia lupinifolia Talinum portulacifolium

Tephrosia vogelii Themeda triandra

Terminalia sericea Tragus berteronianus

Vernonia petersii Tribulus tervestris

Vigna vexillata Vernonia galamensis
Table1.

Plant species exclusively found in the Ugalla ecosystem and Western Serengeti.
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Figure7.
Diversity of perennial grasses in Ugalla ecosystem and western Serengeti.
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Figure 8.
Diversity of edible plants in the Ugalla ecosystem and Western Serengeti.
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and Western Serengeti (Figure 9). However, the uneven size of the boxplot in Ugalla
indicates more variation of inedible plant diversity in different locations within the
ecosystem. This suggests variations in the phenology of plants in different locations in
the Ugalla ecosystem. This situation provides an opportunity for non-herbivores such
as birds and bees to get resources for surviving in the ecosystem.

Generally, this study showed that plant diversity increased with an increase in
altitude and the optimum altitude for plant diversity lies between 1600 and 1800 m
above sea level (Figure 10).

Results shown in Figure 10 suggest that plant diversity in lowlands is affected
negatively by agro-pastoral activities. In most cases, lowlands are considered suitable
for cultivation and livestock grazing in the Ugalla ecosystem and Western Serengeti.
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Figure 9.
Diversity of inedible plants in the Ugalla ecosystem and Western Serengeti.
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Figure 10.
Variation of plant diversity with altitude.
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On the other hand, steep areas are subject to a decline in plant diversity due to soil
erosion especially when disturbed by agro-pastoral activities.

6. Prospects of plant diversity in agro-pastoral grasslands of Serengeti
and Ugalla ecosystems

The increase in human population causes an increase in food demand that con-
sequently increases agro-pastoral activities in lowlands of the Ugalla ecosystem and
Western Serengeti. This situation might negatively affect ecosystem functions due to
the decline of plant diversity. Some of the effects have been manifested by an increase
in siltation of water bodies found within the ecosystems with consequent decline of
biodiversity in lakes [22].

7. Conclusions

* The magnitude of agro-pastoral activities’ effect on plant diversity in grasslands
differs between ecosystems. The grassland with a low diversity of perennial grass
species is much more affected when subjected to cultivation.

* Poor maintenance of plant diversity in grasslands negatively affects ecosystem
services provided by plants, and consequent effects are manifested in water bod-
ies by the decline of biodiversity.

* The impact of agro-pastoral activities on plant diversity is conspicuous in
lowlands but much more negative when practiced on steep slopes.

* Variations in the phenology of inedible plants within an ecosystem provide
temporal and spatial opportunities for non-herbivore animals and invertebrates
to access plant resources for their survival.

Way forward

Plant diversity conservation strategies in agro-pastoral grasslands are inevitable to alle-
viate negative effects on ecosystem services and consequences manifested in water bodies.
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Chapter 5

Methods and Practices for
Analyzing Vegetation Shift Using
Phytosociological Hierarchical Data

Koji Shimano, Yui Oyake and Tsuyoshi Kobayashi

Abstract

We introduce a procedure to predict the vegetation shift using traditional phy-
tosociological survey (cover data). The cover value is generally obtained for each
layer of the layered plant community, but usually maximum cover value over the
layers used for the vegetation classification and recognition (C-max procedure). As
an ameliorate procedure, we propose the procedure of every coverage of all layers
used to evaluate vegetation shift (C-all procedure). The C-all procedure enables us
to embrace the information on vertical gradient of species distribution in the sur-
veyed communities. In the case of our observations and analyses, tree species with
smaller (or no) cover in the upper layer but greater cover in the lower layer can be
dominant in the upper layer in the future, resulting in vegetation shift (changes in
dominant species of the community). Every general community analysis (cluster
analysis, INSPAN, and TWINSPAN) followed by C-all procedure supports such
prediction for some types of Japanese forests. In the forests, changes in species
composition have been conventionally predicted by measuring the trunk diameter
and height of trees. Our proposal suggests that traditional phytosociological survey
is also convenient for studying forest succession and regeneration.

Keywords: cover data, cluster analysis, INSPAN, TWINSPAN, phytosociological survey

1. Introduction

In this article, we would like to describe our method for predicting vegetation
changes using phytosociological vegetation data, which is usually collected for
vegetation classification. Our hope is that the accumulated data of phytosociological
vegetation surveys will provide a method for not only community classification but
also a method to know vegetation dynamics and future prediction of vegetation in a
certain procedure. For this purpose, we introduce ameliorated analyzing procedure
using the information on coverage of plants collected from the layered forests at each
layer (hierarchical data) and ways to estimate vegetation shifts such as forest regen-
eration and succession.
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2. Plant coverage along the layer

We explain how phytosociological vegetation data are collected in short. Withina
certain area selected as a study site for vegetation survey where the occurrence of plants in
the community is expected to be uniform, which often means a sample “plot” (quadrat)
extracted from a homogeneous stand in an area of a site, we record the existing species in
the plot and the above-ground dominance in each layer (along a vertical direction of the
community; e.g., tree layer, sub-tree layer, shrub layer, herb layer) over the plot. Then,
the abundance of each species is measured, and the dominant species are evaluated.

2.1 Measuring the coverage

Various indices of dominance can be considered, such as the number of individu-
als, plant volumes, cover, etc. As a traditional standard, the “rank of cover rate”
proposed by Braun-Blanquet [1], indicates how much of the projected area of target
vegetation is occupied by each species composing the community. The coverage ranks
as abundance of each species are 5, 4, 3,2, 1, and +:

5:87.5(75% < cover < 100%),
4 :62.5(50% < <75%),
3:37.5(25% < <50%),
2:15.0(5% < <25%),
1:2.5(0.1%<<5%),

+:0.1%

Here, even if the above-ground parts of a plant (crown and/or trunk of a tree)
traverse over the tree layer and the sub-tall-tree layer or lower layers, the cover value
of that plant is aggregated as a value of the upper layer and not as other layers. For the
plants of other layers, the cover of the plants constituting each layer is determined
based on the vertical distribution of plants. This method has been widely accepted
and a vast amount of data has been collected around the world.

It is important to note that in the layered forests in the temperate regions, for exam-
ple, researchers record data according to the following hierarchical levels: the tall-tree
layer, which constitutes the forest canopy (overstory); the sub-tall-tree layer, which is
slightly lower in height than the tall-tree layer; the shrub layer, which is about 4-5 m
high; and the shrub layer, which contains herbaceous plants (including grasses, sedges,
sometimes ferns, lianas and so on), seedlings, and juveniles of trees and shrubs less than
1 m in height. This work means that the hierarchical structure of the community is faith-
fully recorded. Not only in the different types of forests in other regions but also in the
herbaceous communities and grasslands are such hierarchical data collections useful.

2.2 General uses of coverage (C-max procedure) and demerits

The classical classification and recognition of community type are based on the
concept of “Environmental Diagnosis”. A recognized vegetation provides an indicator
of the climate and other regional environmental traits, such as dryness or wetness of
the soil, which has been established in the plant community.

Generally, in such Environmental Diagnostic studies, the data taken from the idea
of Braun-Blanquet are carefully organized and analyzed using the method of Mueller-
Dombois and Ellenberg [2], which is the central text in the field. In their methods,
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Plot o Layer/ Plot
Stratum
By C-max By C-all By C-all procedure By C-max procedure
procedure procedure (species/cover rank) (species/cover rank)
(species/cover (species/cover
rank) rank)
Max cover Species A /1 I Species A /3 Max cover
Species A /3 Species B /3 (tall tree) Species A /3
S i T
P (sub-tree) P
Species C /1 11 Species C /+
(shrub) Species B /1
Species A /3 v Species B /3
Species B /1 (herbaceous) Species A /1
Species C/1 Species C/1
Table1.

Treatment of vegetation data in the vespective analyses of procedures C-all and C-max. The Braun-Blanquet
method vecords the occurrence species and cover in each layer/stratum separately. In the conventional C-all method,
one vepresentative value (i.e. the maximum value) of cover rank/coverage for each layer is extracted and used in
the analysis, as shown in the table. In the C-all method introduced here, the same species appearing in different
layers ave treated as different species by attaching a symbol indicating each layer (e.g. I, II) to the species name.

data recorded by tall-tree, sub-tall-tree, shrub, and herbaceous strata, in other

words, along a developmental stage of height growth of plants in the layered forests
(although the shrub species do not grow in height even at well-developed stages and
have less effect on the varying in community types as compared to the tree species),
are used to classify communities. Nevertheless, a maximum value of cover among the
stratum alone is selected for each species and then used to predict the forest types of
the future, even which are possibly affected by the minor values of other stratum. In
many cases, this means that only the cover of the tall tree layer is used as the represen-
tative value for that species at the study site (Table1).

We call this maximum coverage (over the layers) selected procedure as ‘C-max’.
The conventional C-max procedure is fine on the community classification at the
stable phase of community dynamics. However, that does not aim to survey the
dynamics of the community at patchy/short-term scales, so it is inconvenient to
recognize the community shape in the past and future in a changing environment. In
reality, many plant communities are unstable and at a certain phase of those dynam-
ics, especially under natural disturbances and human interferences.

3. Unselected uses of coverage (C-all procedure) and advantages

Here, we introduce the ameliorated procedures using data from the traditional
Braun-Blanquet methods on the coverage of plants collected from the layered forests
to consider the vegetation shifts such as forest regeneration and succession.

Imagine that a land is cleared in a temperate region. After a few decades, pioneer
trees such as red pine Pinus densiflora would occupy forest overstory. However,
beneath the overstory, the pine seedlings could not grow as a next generation of
overstory because of the shading from their mother trees. Then the pine forest would
shift to an oak forest dominated by Quercus serrata that is with much shade tolerance
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and grow up to the overstory from the saplings and seedlings at the shrub layer and
the herbaceous layer. In phytosociological vegetation surveys, the presence of species
is recorded separately for tree, sub-tree, shrub, and herbaceous layers. If all pieces of
information from the vertical distribution of plants are used, it is possible to estimate
such successional change (Table1).

Therefore, we conduct every coverage of all layers selected procedure (C-all pro-
cedure) and show useful results to infer successional change drawn by the multivari-
ate analyses (cluster analysis, INSPAN, and TWINSPAN) for community recognition.
How to handle stratified data and the results of found possible vegetation shift are
presented as below.

3.1 Handling the values of cover in the C-all procedure

As mentioned above, there are six cover ranks, and the median of their cover
ranges was used in the following analysis (similar to the cluster analysis of Goto and
Shimano [3], and Oyake et al. [4, 5]).

For the C-all procedure, when a species occurs in more than one stratum, cover
values are treated separately for each stratum. For example, tall tree stratum = I, sub-
tree stratum = II, shrub stratum = III, and herbaceous stratum = IV are recognized in a
survey plot, and the cover rank of Species A is observed as

* 5in the tall tree layer

* no occurrence in the sub-tall-tree layer
* 31in the shrub layer

* 1in the herbaceous layer,

then treated as

* Species A lis5

* Species A II is no occurrence

* Species A Il is 3

* Species A IVis1,

respectively. Such handling seems to be only natural but note that it is different
from the conventional handling method, C-max procedure (Table1).

3.2 Evaluation of vegetation status on the artificial green

The research group of Oyake, one of the authors, investigated the established veg-
etation on the embankment slopes of Japanese expressways approximately 50 years
after construction. Such artificial greens are often needed to evaluate vegetation shifts
to manage the lands, and the expected C-all procedure is useful for the evaluation.

Seven 5-m” study plots with different stand of the sites were established along
the Meishin Expressway (Shiga Prefecture, Japan [4]), four plots on the Kyushu
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Study site Plot Num. of Species Dominant species Life form
Meishin M1 5 Pleioblastus simonii Dwarf bamboo
E 4
xpressway [4] M2 34 Quercus serrata, Padus Deciduous broadleaf tree
grayana
M3 41 Pueraria lobata Vine
M4 36 Cerasus jamasakura Deciduous broadleaf tree
M5 17 Pueraria lobate, Rhus Vine, Deciduous broadleaf
Jjavanica var. chinensis tree
M6 24 Padus grayana, Cerasus Deciduous broadleaf tree
Jjamasakura
M7 47 Padus grayana, Fatsia Deciduous broadleaf tree,
Japonica Evergreen broadleaf tree
Kyushu K1 1 Pleioblastus simonii Dwarf bamboo
E
xpressway [3] K2 15 Pleioblastus simonii Dwarf bamboo
K3 18 Quercus acutissima, Deciduous broadleaf tree,
Phyllostachys edulis Giant bamboo
K4 13 Cryptomeria japonica, Evergreen conifer, Giant
Phyllostachys reticulata bamboo
Chuo C1 49 Cerasus jamasakura, Deciduous broadleaf tree
Expressway [5] Acer crataegifolium
c2 30 Toxicodendron sylvestre, Deciduous broadleaf tree,
Eurya japonica Evergreen broadleaf tree
C3 44 Clethra barbineruvis, Deciduous broadleaf tree,
Quercus glauca Evergreen broadleaf tree
C4 45 Pinus densiflora, Evergreen conifer,

Cerasus jamasakura

Deciduous broadleaf tree

Table 2.

Number of species and dominant species at each survey artificial slope of expressway [4, 5].

Expressway (Kumamoto Pref., Japan), and four plots on the Chuo Expressway
(Aichi and Gifu Prefectures, Japan. [5]). For each plot, established vegetation

was recorded using the Braun-Blanquet method. When conducting the vegetation
survey, the stratification method was used to record the occurrence species name
and cover by species in each stratified layer (>10 m: 1st (canopy) layer, 5-10 m: 2nd
(sub-canopy) layer, 1.3-5 m: 3rd (lower tree) layer, 0.5-1.3 m: 4th (shrub) layer,
<0.5 m: 5th (understory) layer.

The number of species and dominant species found in each plot are shown in
Table 2. The vegetation at each plot was characterized as deciduous broadleaf for-
ests (M2, M4, M6, M7, C1, C2, and C3 plots); plot C4 was Japanese red pine Pinus
densiflora-dominated forest at an earlier successional stage; the plots M1, K1, and K2
were dwarf-bamboo communities dominated by Pleioblastus simonii; the plot M2 was
dominated by herbaceous vine Pueraria lobata; the plot K3 was a community domi-
nated by a giant bamboo Phyllostachys edulis, and the plots M5 and K4 were invaded by
a giant bamboo Phyllostachys reticulata.

A stratified cluster analysis was performed based on the results of the strati-
fied vegetation survey obtained for the three routes. When the same species were
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recorded in different strata, two patterns of analysis were conducted: C-max
and C-all procedures. Based on the clusters obtained, Indicator Species Analysis
(INSPAN, see Box 1) was performed.

3.2.1 Applications to cluster analysis and INSPAN

The results of cluster analysis based on C-all procedures and the indicator species
indicated by INSPAN are shown in Figure 1. The results of cluster analysis by the
conventional C-max procedure and the indicator species indicated by INSPAN are
shown in Figure 2.

Looking at the results of INSPAN, it appears that dominant species have a sig-
nificant influence on cluster partitioning in cluster analysis using the conventional
C-max procedure (Figure 2). On the other hand, cluster analysis using the C-all
procedure can extract species that characterize the vegetation, although they are not
highly covered, such as the understory vegetation.

For example, plot M2, which was dominated by P. lobata, was classified as cluster
5 in the stratified cluster analysis, where many deciduous broadleaf forest plots were
classified. In INSPAN, these understory/floor vegetations are shared with other
deciduous broadleaf forest plots. Thus, the C-all procedure can detect similarities
in communities that are difficult to discern from the dominant species. On the other
hand, when split into eight clusters, plot M2 is classified in a different cluster from the
deciduous broadleaf forest plots (see Box 1).

Thus, cluster analysis using the C-all procedure and INSPAN can be useful to
predict future vegetation shifts.
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Figure 1.
Dendrogram of cluster analysis vesults and indicator species for each cluster from INSPAN by C-all procedure.
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Figure 2.

Dendrogram of cluster analysis vesults and indicator species for each cluster from INSPAN by C-max procedure.

Cluster analysis summarizes groups of sites with similarities in species and displays a dendrogram.
However, the dendrogram does not tell us which species contributed to that grouping. Here, INSPAN
(Indicator Species Analysis) can be used to find representative species, which are significantly selected for
each community grouping. It should be noted, however, that the indicator species selected will vary by group-
ing. For example, if one community is divided into two, the indicator species of the undivided community will
be the indicator species of one of the two communities, and the other indicator species will be selected for the
other community. Thus, it is important to determine how many groups are divided. In mentioned in Figure 3
is useful in determining the number of divisions. In general, a higher value of the “gap statistic” indicates an
appropriate number of groups.

Box 1.
Cluster analysis and INSPAN.

3.3 Evaluation of the invading process of alien species to a natural vegetation

As anext example, we conducted a survey in a riparian forest in central Japan to
obtain data, which is suitable to evaluate the vegetation dynamics, fearing that native
Japanese willow Salix serissaefolia forest, which is unique to Japanese riverbanks and
might be replaced by invaded black locust Robinia pseudoacacia. Based on this data,
we show that two-way indicator species analysis (TWINSPAN, see Box 2) followed by
the C-all procedure is suitable for such vegetation shift.

The data were obtained from a Braun-Blanquet’s phytosociological vegetation
survey of 107 plots in the summer of 2008 along the banks of the Saigawa River
(Matsumoto and Azumino cities, Nagano Prefecture), central Japan, to determine the
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Figure 3.

Schematic diagram of how the number of cluster divisions is determined using the gap statistic. Usually, the
highest value of gap statistic, the number of division, is optimum. Characters from A to I are community groups in
the cluster. Heve, six is the number of optimum division. Note that the number 6 has nothing to do with the value
of height (dissimilarity) in the cluster analysis. The position (height) of the horizontal line separating the groups
in the cluster diagram can be anywhere as long as the number of group divisions is six.

TWINSPAN is one of the standard analyses on vegetation classification. That is a top-down community
classification method, similar to phytosociological tabulation, in which all sites in the study area are firstly
divided into two groups based on species composition, and then the divided groups are further divided into
two groups (Figure 4). Another representative method of classifying communities by species composition
is cluster analysis, which is also used in [3], and is a bottom-up method in which sites with similar species
compositions are grouped together based on the similarity of their compositions. Incidentally, Mineda et al.
[6] pointed out that cluster analysis is appropriate when the species composition among sites is discontinuous
and intermittent, while TWINSPAN is appropriate when it is continuous [6].

Here, we show the differences between the cluster analysis and TWINSPAN, and the output results
from common software. Suppose we have data on plant species and their dominance for 100 stands (plots).
In the case of cluster analysis, the occurrence of plant species at each site is evaluated numerically to deter-
mine how similar the occurrence of each species is and how similar the amount of occurrence is between
the stands. TWINSPAN, on the other hand, overviews all plant communities of interest and divides them
into broader communities; first there are two groups. After that, the groups will be divided into groups
(Table 3).

Box 2.
TWINSPAN.

species composition and characteristics of plant communities [3]. At each plot, the
cover rank and community height of all species in each layer including the tall-tree
layer (10 m < tree height), sub-tall-tree layer (5 m < <10 m), shrub layer (0.7 m <
<5m), and herbaceous layer (<0.7 m) were recorded.

Site grouns

Figure 4.
Schematic diagram of the vesult of site group division with TWINSPAN. This method divide sites into two groups
first, then the groups also do into two in the next step secondly. Characters from A to D mean the divided groups.
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Species with layer Plot number Species division
3 2 8 4 9 7 6 15 7
Tree Species Al 5 4 5 5 3 0
Tree Species AIl 1 2 1 1 2 0
Shrub Species CIII 1 + 1 + 4 0
Herb Species DIII + + + + o+ 0
Herb Species DIV + 0
Tree Species Bl 5 4 3 5 4 1
Tree Species BII 1 2 3.1 2 1
Tree Species BIII 1 2 1 1 1
Tree Species BIV 1 + 1 + + + 1
Shrub Species CIII + ¥ 1
Plot division 0 0 0 0 0o 1 1 1 1 1
Table 3.

Image of a result of TWINSPAN. Using the occurrence similarity, all species with the layer and all sites were
divided into twice. The image here shows only the first two divisions of species and plots. Roman numerical, I, II,
III and IV, means tree, subtree, shrub and herb layer, respectively. As you will find, tree species B can be found
beneath the overstory of tree species A, but tree species A plants was not beneath tree species B layer. This indicates
the forest dominated by tree species A will be the forest dominated by tree species B in the future.

In the study site, several community phases along an invasion intensity of R. pseudo-
acacia populations into S. serissaefolia stand were observed. Data were collected by the
method of Braun-Blanquet.

3.3.1 Application to TWINSPAN

In the present study, TWINSPAN was conducted using values compiled by the
C-max and C-all procedures to determine the likelihood of coexistence of species
groups that characterize the community within a grouped community (plot group),
and the sympatry and exclusivity within and among species between the upper and
lower layer [7]. The analysis was performed using the “twinspan” function of the
“twinspanR” package (ver. 0.19) on the statistical analysis software R (ver. 3.5.0; R Core
Team [8]). Here, only the result with C-all procedure was shown.

The TWINSPAN results originated from [7] allowed us to recognize the com-
munities as four major groups. The first two divisions from the top of the dendrogram
were herb/shrub and forest communities. In the next division, “the herb/shrub
community” was divided into R. pseudoacacia community and S. serissaefolia shrub/
grass community. On the other hand, “the tall tree community™ was divided into
R. pseudoacacia and S. serissaefolia communities. However, it is noteworthy that R.
pseudoacacia forests had R. pseudoacacia shrubs and seedlings, while S. serissaefolia
forests did not have S. serissaefolia seedlings or shrubs, but R. pseudoacacia seedlings
and shrubs (Figure 5). Although the TWINSPAN analysis can be divided into further
small groups, no further dividing was necessary to determine the vegetation shift
between R. pseudoacacia and S. serissaefolia communities.

That s, R. pseudoacacia IV, which is a seedling or juvenile tree, grows both beneath
the forest overstory of S. serissaefolia 1 and R. pseudoacacia 1, whereas S. serissaefolia
IV seedlings would not grow under the canopy of R. pseudoacacia. S. serissaefolia
IV mainly occurred in sandy bare soil sites. This asymmetric distribution of R.
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shrub and herb community | Tall tree community

R. pseudpacacia S. serissifolia 5. serissifalia forest with R. pseudoacacia forest with
shrub community shrub, herb community shurubs and seedlings of shurubs and seedlings of
K. pseudoacacia R, pseudoacacia

Figure 5.
Summarized vesult of plot groups with TWINSPAN. Community types and key species are described.

pseudoacacia seedlings and juvenile trees allowed them to invade S. serissaefolia tall
forests, while S. serissaefolia seedlings and juvenile trees could not invade either S.
serissaefolia forests or R. pseudoacacia forests. These suggest that, in the future, S. seris-
saefolia willow forests may be replaced by R. pseudoacacia forests, but R. pseudoacacia
forests will remain as R. pseudoacacia forests.

Thus, in contrast to the conventional C-max procedure, TWINSPAN based on the
C-all procedure made it possible to infer what species will replace and also diagnose
future changes in dominant species. Combining further studies on variations in
ecophysiological traits, population dynamics, and relationships among species would
be nice with long monitoring of vegetation change.

4, Conclusions

In the classical phytosociological vegetation surveys, the values of plant cover-
age are obtained for layered communities. In the conventional classification and/
or recognition of vegetation, only the maximum coverage over the layers is selected
(C-max procedure). We use our original C-all procedure (every coverage of all
layers selected procedure) and new success to reveal the vegetation shift such as
successional processes from the phytosociological data. The C-all procedure will
be useful to not only the layered forests but also the herbaceous communities and
grasslands (see [5]).

Other dominant indices such as diameter and height of trees would be able to apply
similarly other than cover value. However, general tree-by-tree surveys often miss
information on the plant layer with less than 1.3 m in height. The manner of phytoso-
ciological surveys, which basically intends lower layer(s), and C-all procedure comple-
ments such problems easily. Re-analyzing vastly accumulated cover data from the past
would give additional valuable information on vegetation history by C-all procedure.

Recently, new informatics to measure vegetation structure has been developed,
and the data from those could be also applied by the C-all procedure in the future.
However, the convenient cover data by the traditional phytosociological surveys
should continue to use important information in many fields.
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