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Abstract: Salinization is a major soil degradation threat in irrigated systems worldwide. Irrigated
systems in the Niger River basin are also affected by salinity, but its spatial distribution and intensity
are not currently known. The aim of this study was to develop a method to detect salt-affected soils
in irrigated systems. Two complementary approaches were tested: salinity assessment of bare soils
using a salinity index (SI) and monitoring of indirect effects of salinity on rice growth using temporal
series of a vegetation index (NDVI). The study area was located south of Niamey (Niger) in two
irrigated systems of rice paddy fields that cover 6.5 km?. We used remote-sensing and ground-truth
data to relate vegetation behavior and reflectance to soil characteristics. We explored all existing
Sentinel-2 images from January 2016 to December 2019 and selected cloud-free images on 157 dates
that covered eight successive rice-growing seasons. In the dry season of 2019, we also sampled 44
rice fields, collecting 147 biomass samples and 180 topsoil samples from January to June. For each
field and growing season, time-integrated NDVI (TI-NDVI) was estimated, and the SI was calculated
for dates on which bare soil conditions (NDVI < 0.21) prevailed. Results showed that since there
were few periods of bare soil, SI could not differentiate salinity classes. In contrast, the high temporal
resolution of Sentinel-2 images enabled us to describe rice-growing conditions over time. In 2019,
TI-NDVI and crop yields were strongly correlated (r = 0.77 with total biomass yield and 0.82 with
grain yield), while soil electrical conductivity was negatively correlated with both TI-NDVI (r = —0.38)
and crop yield (r = —0.23 with total biomass and r = —0.29 with grain yield). Considering the TI-NDVI
data from 2016-2019, principal component analysis followed by ascending hierarchical classification
identified a typology of five clusters with different patterns of TI-NDVI during the eight growing
seasons. When applied to the entire study area, this classification clearly identified the extreme
classes (i.e., areas with high or no salinity). Other classes with low TI-NDVI (i.e., during dry seasons)
may be related to areas with moderate or seasonal soil salinity. Finally, the high temporal resolution
of Sentinel-2 images enabled us to detect stresses on vegetation that occurred repeatedly over the
growing seasons, which may be good indicators of soil constraints due to salinity in the context of the
irrigated paddy systems of Niger. Further research will validate the ability of the method developed
to detect moderate soil salinity constraints over large areas.

Keywords: salinization; irrigated systems; Niger River basin; salinity index; vegetation index;
TI-NDVI; Sentinel-2 images; high temporal resolution
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1. Introduction

Irrigated agriculture covers 275 million ha worldwide (i.e., 20% of cultivated land) and accounts
for 40% of world food production [1]. In the semi-arid area of the middle Niger valley (Niger) (Figure 1),
irrigation techniques have been developed to respond to aridity and an increasing population [2].
Three factors have contributed to the rapid development of irrigation: (i) successive droughts from 1972
to 1973 and 1983 to 1984, which made people aware of serious risks to rainfed production; (ii) the high
yields rapidly obtained in irrigated rice (Oryza sativa) and vegetable production; and (iii) commitment
of the national government, farmers’ organizations and several donors to irrigated agriculture. The first
irrigated systems in Niger were constructed during the colonial period in the 1930s. From 1934 to 2011,
36 irrigated rice-growing systems were built along the middle Niger valley in Niger. Irrigation has
improved the country’s food security but has led to serious soil degradation by salinity. Irrigation
facilities in many of these irrigated systems have aged and have not been renovated, and their drainage
systems are not functioning. Excessive irrigation of less drained soil leads to waterlogging and soil
salinization. The absence of a drainage network in clayey soils, which is characteristic of the study
area [3], increases the concentration and precipitation of soluble salts at the soil surface but also in the
subsoil and groundwater. Salt precipitates appear as white spots, mainly in the bright red oxidized clay
horizons and in association with yellow iron spots. This salinization process threatens the sustainability
of crop production in the study area by decreasing yields or reducing them to zero. The mechanisms
by which soil salinity affects plant growth are generally known and have been summarized by many
researchers [4-6]. In the middle Niger valley, rice is the main crop grown in irrigated fields. Rice can
tolerate salinity without a reduction in yield up to a threshold of 3.0 dS/m of electrical conductivity
of saturated paste (ECe) [7]. To preserve soil as a natural resource and maintain sustainable crop
production in the study area, the spatial extent and level of salinity must be known. This can be done
by performing field surveys to measure soil EC or electrical resistivity. Due to the large size of the
Niger River basin (>85 km?), however, doing so would require large amounts of time, labor and money.
Using the potential of remote sensing along with other data sources is currently a promising method to
map salinity at a large scale with high accuracy.
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Figure 1. Location of the study area and aerial view of the experimental fields in the Sébéri and
Tchagriré irrigation systems south of Niamey (Niger).
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The use of remote sensing to monitor and map soil salinity dates to the 1990s [8]. Many researchers
have used remote-sensing and ground-truth data (i.e., direct or indirect measurements of soil) to assess
and monitor salinity [9,10]. A variety of remote-sensing data have been used to identify and monitor
salt-affected areas: aerial photographs, visible and infrared multispectral images, video images, infrared
thermography, microwave images and data collected by airborne geophysics and electromagnetic
induction [11]. Two remote-sensing methods exist to identify soil salinity: (i) observing surface
conditions of bare soil (i.e., salt efflorescence) and (ii) monitoring the behavior of vegetation affected by
salinity over time [8]. Before the most recent generation of satellites was developed, many researchers
used a classic single-date approach [12] because most older satellites passed over a given location too
infrequently to enable monitoring. However, this single-date approach has some limits: although
highly saline and non-saline soils can be detected easily, intermediate salinity classes are difficult to
differentiate. Moreover, if vegetation is present, bare soil cannot be seen, and vegetation behavior
cannot be monitored with a single-date approach.

The most recent generation of satellites (Sentinel-2, Landsat 8, SPOT 6 & 7) offers high spatial
resolution and frequent passes over a given location, which makes identifying salinity variations and
monitoring vegetation behavior appear possible. A variety of remote-sensing indices, such as the
salinity index (SI) [13], brightness index, normalized difference salinity index and normalized difference
vegetation index (NDVI) [14], have been developed to estimate the salinity of bare soil and monitor
vegetation behavior in saline environments. These indices have been combined with ground-truth
data. For instance, soil salinity was measured by electromagnetic induction and then combined with
multi-year Landsat 7 reflectance data to map salt-affected soils in the western San Joaquin Valley,
California, USA [9]. Electrical conductivity (EC) ground-truth measurements and various Sentinel-2
spectral parameters were used to create more reliable soil salinity maps in the Ebinur Lake region,
Xinjiang, China [15]. To monitor salt-affected areas in Turkey, researchers performed multi-temporal
monitoring of salinity using field EC measurements and spectral indices derived from multi-year
Landsat 5 and 8 satellite images [16]. In practice, most studies have focused more on detecting severely
salt-affected areas than on detecting and monitoring slightly or moderately affected areas.

This study aimed to develop a method to detect potential areas of soil salinity using multi-spectral
and high-resolution Sentinel-2 satellite images combined with field data using two complementary
approaches: (i) observing salinity of bare soil using the SI and (ii) monitoring vegetation behavior from
20162019 (eight growing seasons) in the arid zone of the Niger River basin. The study involved a
four-year time series of Sentinel-2 remote-sensing images and field measurements of biomass and
topsoil characteristics of cultivated rice fields.

2. Materials and Methods

2.1. Study Area

The study area corresponded to the irrigated systems of Sébéri and Tchagriré (6.5 km?), located in
the Niger River basin 50 km southeast of Niamey, the capital of Niger (13°16”35.32"" N, 2°21’31.81” E)
(Figure 1). The climate of the area corresponds to the dry tropical zone of the Sudano—Sahelian type.
Annual precipitation has high spatial, temporal and interannual variability and a general trend towards
a southward shift of isohyets over the past 30 years. Mean annual precipitation is ca. 510 mm/year
(standard deviation (SD) = 100 mm/year) (National Meteorological Service of Niger). Precipitation
is irregularly distributed in space and time: it peaks in August (150 mm) and is lowest in October
(22 mm) and May (20 mm). Mean monthly temperature is 36 °C during the hottest period (April),
with a maximum temperature of 47 °C. Minimum mean monthly temperatures are 25 °C and are
observed from December to January. Evaporation varies from 1700 to 2100 mm/year. The water deficit
is thus large during the dry season and is accentuated by the Harmattan, a dry continental trade wind
from the Sahara. Consequently, the study area has two seasons: a dry season from October to May and
a wet season from June to September [17].
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Paddy fields in Sébéri and Tchagriré are located on the lowest alluvial terrace of the Niger Valley
(Figure 1). The soils are Vertisols (60-74% clay in topsoil and 52-85% in subsoil) but also acidic, with a
pH in water of 4.0-6.2 (SD = 0.5), an EC of 0.01-7.20 dS.m~! (SD = 2.3 dS.m™!), and they have low
hydraulic conductivity at water saturation, which ranges from 2.8 x 1078 in the topsoil horizon to
1.5 % 1078 m s7! at a depth of 50 cm [18,19]. In Sébéri, EC generally increases from the areas next to the
sand dunes to the river’s floodwater protection dike [19]. The types of salts found are hexahydrite,
gypsum, epsomite and, secondarily, wattevilleite and sodium carbonate hydrate [19].

The observed long-term downward trend in rice yields can be explained by several factors: poor
management of agricultural equipment, lack of technical supervision, soil degradation due to salinity
and failure to respect the cropping calendar. Implementing a fixed and common cropping calendar
for all rice-growing systems would create two growing seasons per year during optimal climatic
conditions. It provides for two harvests, one in the dry cropping season (mid-November to mid-May)
and the other in the wet cropping season (mid-June to mid-December) (Figure 2).

Nov. |Dec.| Jan. | Feb. | March | April | May | June | July | August | Sept. Oct. Nov.
Seedling Seedling
+ +
nursery nursery
Dry season Wet season
Seedling | Nursery Transplanting On plot | Harvesting
Legend:

Figure 2. Double-cropping calendar for rice in the middle Niger valley (adapted from [20]).

2.2. Field Data Collection Strategy

In the Niger River basin, rice is grown in 0.25 ha (25 m X 100 m) fields. We selected 44 and 20
fields in the Sébéri and Tchagriré irrigated systems, respectively, for data collection on two dates in the
2019 dry season, each of which corresponded to a date when the Sentinel-2 satellite passed over the
study area. We chose the 64 fields based on the level of salinity in the study area and whether they
were cultivated with rice or bare. Three sampling plots of 1 m? each were set up on one diagonal of
each of the 0.25 ha fields selected to collect soil and phenological parameters.

The first data collection campaign was performed on 8 February 2019, near the start of the growing
season, when fields were already flooded and covered by a layer of irrigation water a few centimeters
thick. The phenology of rice plants was assessed in a quarter (0.25 m?) of each 1 m? plot. Then, all aerial
biomass of this quarter was cut, weighed and dried under laboratory conditions to determine dry
matter. The topsoil (0-30 cm) was sampled in each plot using an auger, and one composite sample
per field was obtained by carefully mixing the three elementary plot samples. Given the rapidity
of auger sampling and the very low hydraulic conductivity of these clay soils, sampling under a
water layer did not significantly change the EC and pH values of the soil, as shown in previous
studies performed in these irrigated systems [19]. Consequently, salt losses during soil sampling are
very low, ensuring good reliability of collected samples and good representativeness of soil salinity
measurements. The composite samples were air-dried and ground to pass through a 2-mm sieve. Then,
pH in water (pHi:5) and EC in water (ECy.5) were analyzed in the laboratory following ISO 10390 and
ISO 11265, respectively.

The second data collection campaign was performed on 4 May 2019, during the harvest period,
when fields were not flooded. Phenological assessment and soil sampling were identical to those
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during the first campaign. Moreover, rice grain was collected from an undisturbed 0.25 m? quarter to
estimate grain yield. Soil and phenological parameters were analyzed statistically for each field.

2.3. Remote-Sensing Data Collection

Remote-sensing data and in situ observations were processed in multiple steps (Figure 3). First,
optical images were obtained from Sentinel-2 satellites. The Sentinel-2 mission is a constellation of two
satellites that are 180° out-of-phase on the same orbit, which increases the frequency of passes over a
given location (i.e., every five days). Each satellite records 13 bands, with three spatial resolutions:
blue, green, red and near-infrared bands at 10 m resolution; red-edge and mid-infrared bands at 20 m
resolution; and aerosol and water-vapor bands at 60 m resolution. Sentinel-2’s utility thus lies in its
high revisit frequency and high spatial resolution.

Image acquisition : Sentinel-2 A&B
January2016-December2019 (157 images)
Level 2A, cloud free
Resampling at 10m
|

NDVI = (NIR-R)/(NIR+R)
SI=100.R/NIR
|
Plot extraction (64 plots) ]

(Mean, STD)

SI TI-NDVI
with NDVI<0.21 with NDVI >0.21

l
J |

( Jan2016-Dec2019 (Seasons 1t 8) | [ Jan2019-Jul2019 (Season 7) ]
| [

| TI - NDVI I
Field observations:

(Cultivated plots)

Soil : EC1:5, pH1:5 Vegetation :
- Total Aerial biomass

- Grainyield

TI- NDVI

for each season

Active Hlustrative
vTriublles wzrialiles

Principal Component Analysis (PCA)
Hierarchical Clustering Analysis (HCA)
I

[ Clusters mapping ]

[ Regression Analysis ]

Figure 3. General data-processing flowchart.

All existing pre-processed Sentinel-2 images from January 2016 to December 2019 were
downloaded. Pre-processing was performed by the MACCS (Multi-sensor Atmospheric Correction
and Cloud Screening) processing chain, which consists of three successive steps: (i) cloud detection
(using the satellite cirrus band), (ii) aerosol-thickness estimation and (iii) atmospheric correction.
This processing chain, developed by CESBIO and CNES, provides ortho-rectified atmospheric-corrected
surface reflectance images of 100 km x 100 km as a final product [21].

Overall, 157 preprocessed Sentinel-2 images were downloaded and then resampled at a spatial
resolution of 10 m. Reflectance values that were missing due to cloud cover were estimated as the
mean reflectance value of the two dates before and after the missing date. Finally, the study area of the
irrigated systems of Sébéri and Tchagriré was extracted from the entire image.
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A second step consisted of distinguishing the periods during which a plot was bare or covered
with vegetation. To do this, the NDVI was first calculated per pixel (Table 1) [22], and then the mean
and standard deviation of the NDVI of each plot’s pixels was calculated. A pixel was considered to
be part of a plot if its centroid fell within the plot’s polygon. Since the plots measured 25 m x 100 m,
each contained ca. 25 pixels. Based on the literature [23,24], plots with a mean NDVI <0.21 or >0.21
were considered as bare soil or vegetation, respectively.

Table 1. Characteristics and equations of the bare soil and vegetation indices selected. RED and NIR
indicate red and near-infrared bands of the Sentinel-2 images.

Spectral Index Equation Characteristics

Salinity index (SI) SI = (RED/NIR) x 100 in [25] Created to detect saline soils.

A standardized index for
NDVI = (NIR — RED)/(NIR + RED) [22] = vegetation cover and chlorophyll
Varies from —1.0 to +1.0.For vegetation, activity. Used to monitor drought
NDVI varies from 0.2-0.8. and monitor and predict
agricultural production.

Normalized difference
vegetation index (NDVI)

Means and standard deviations of NDVI were used to create a 4-year time series of NDVI for
each plot. For the periods when the plots were estimated to be bare, we calculated an SI [25] (Table 1).
Otherwise, for the periods when vegetation was dominant, we created a time series of NDVI over the
four years of study.

A few days before rice planting and during the first part of the vegetation development cycle,
a water layer covers the soil. This layer is thin, no more than a few centimeters thick, and has high
turbidity. The NDVI of this water layer ranges from 0.10-0.21 before planting and then decreases as
the rice is transplanted and the vegetation canopy develops. In comparison, NDVI values of the river
near the plots are negative and close to —0.3.

The last step consisted of calculating the time-integrated NDVI (TI-NDVI) [26,27] for each growing
season for fields with vegetation. TI-NDVI for a given growing season was calculated as follows:

I NDVI — i [1 Z”:((NDVIi,t +2NDVIi,t+1 ) B 0‘21) x (d(t+1) - d(t))l )

t=d1 i=1

where d1 and de are the day of the year of the start and end (harvest) of the growing season (the same
for all fields), respectively; d(t) is the day of the year of date ¢ for the set of days for which Sentinel-2
images are available during the growing season; 7 is the number of pixels within the field; and NDVI;;
is the NDVI of pixel i on date . Units of TI-INDVI are expressed as NDVIL.days.

Figure 4 illustrates the calculation of TI-NDVI for two successive growing seasons in 2019 derived
from NDVI estimates based on existing Sentinel-2 images.
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Legend: —=— NDVI dynamics

08
— NDVI=0.21
07 d1: date at transplant
95 % confidence interval de: date at harvest

06

05
B 04 [Transplant Harvest Transplant Harvest
2 date date date date

Figure 4. Example of normalized difference vegetation index (NDVI) dynamics for a given field for the

dry and wet seasons of 2019 (derived from 42 cloud-free images among 60 existing Sentinel-2 images)
and time-integrated NDVI (TI-NDVI) calculation for the two growing seasons.

2.4. Multidimensional Analysis of the Data

Principal component analysis (PCA) was performed using the FactoMiner package in R
software [28] to analyze the multidimensional space of the remote-sensing and field data from
2019. Field data were pH and EC at the start and end of the growing seasons, aerial biomass and grain
yields of the 64 fields. Qualitative variables were added: pH class, salinity class, land use and position
in relation to the direction of river flow. Remote-sensing data were the mean SI of each field, TI-NDVI
of each of the eight growing seasons and the number of seasons that each field was used to produce
rice in dry and wet seasons. Remote-sensing data were considered as active variables and field data as
illustrative variables.

PCA was followed by hierarchical clustering analysis (HCA) using the module HCPC (hierarchical
clustering on principal components) [29] in R software [30] to create clusters of fields that behaved
similarly. Finally, supervised classification for grids (SCG) was applied to 10-m resolution grids of the
entire area that described the remote-sensing variables used in the PCA-HCA analysis (i.e., 8 grids
with the TI-NDVI of each pixel for the 8 seasons and 1 grid with the SI of each pixel) to represent the
spatial distribution of the clusters. Each pixel is assigned to the cluster with the shortest Mahalanobis
distance, and the distance to the nearest cluster is analyzed to assess the quality of assignment to
a cluster. SAGA-GIS 2.3.2 [31], implemented in QGIS 3.4.3, was used to perform the SCG with a
maximum-likelihood algorithm.

3. Results

3.1. NDVI Dynamics over the Eight Growing Seasons

Figure 5 shows the dynamics of mean NDVI estimated from the 25 pixels within each of the three
fields. The threshold of NDVI = 0.21 was selected to identify periods without live vegetation, and it
enabled the identification of the short intercropping period after harvest when field irrigation was
stopped, the soil plowed and irrigation started again before transplanting the next rice crop.
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Figure 5. Example of dynamics of mean NDVI for three fields over eight growing seasons from January
2016 to December 2019: (a) Field CP3_1, cultivated in season 2 but not in the other seasons; (b) Field
CP11-1, always cultivated but with lower NDVI in dry seasons than wet seasons; and (c) Field TVP?,
always cultivated and with high NDVI in both dry and wet seasons. For each field, mean NDVI and its
95% confidence interval were estimated from the field’s ca. 25 pixels.

Non-cultivated fields had NDVI dynamics below the threshold or slightly above due to weed
growth (Figure 5a). When cultivated during a growing season, some fields had lower NDVI due
to constrained plant growth, which could have been due in part to soil salinity. Among the fields
cultivated during both dry and wet seasons, two groups of cultivated fields were identified: (i) those
with lower NDVI during the dry seasons than wet seasons (Figure 5b) and (ii) those with smaller
differences between dry and wet seasons and generally high NDVI (Figure 5c¢).

3.2. Spatial Variation in TI-NDVI over the Eight Growing Seasons

For the 8 seasons and 44 irrigated fields monitored in Sébéri, TI-NDVI was always significantly
lower during dry seasons than wet seasons (Figure 6a): mean TI-NDVI per season ranged from 15
to 19 NDVI.days during the four dry seasons and 29 to 34 NDVI.days during the four wet seasons.
TI-NDVI also varied greatly among fields for a given season and showed systematic trends, with values
frequently lower in some fields in the south and northwest of the irrigation system and significantly
higher in fields in the center (Figure 6b). This spatial variation was lower in some seasons (e.g., seasons
2 and 6) but higher in others, e.g., season 7 in 2019, when field data were collected.
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Figure 6. Temporal and spatial variations in the time-integrated normalized difference vegetation index
(TI-NDVI) for the 44 fields of the Sébéri irrigation system: (a) mean and standard deviation of TI-NDVI
for each season; (b) maps of TI-NDVI estimated for the eight growing seasons.

3.3. Salinity Measured in the Field in 2019

For the 64 fields monitored in 2019 during the dry season, EC;.5 ranged from 0.01 to 5.36 dS/m
at the start of the season and 0.44 to 6.19 dS/m at the end of the season (SD = 1.16 and 1.33 dS/m,
respectively) (Table 2). The pH ranged from 5.52 to 6.68 in January and 5.29-6.25 in June (SD = 0.44
and 0.52, respectively). Differences between means and SDs for the two dates were not significant for
EC;5 or pH. Total aerial biomass and grain yield at harvest varied greatly (Table 2), and 18 fields had

no rice production.

Table 2. Statistics of field data for the dry growing season in 2019 (i.e., season 7) (n = 64, including 18
non-cultivated fields).

. . Total Aerial Grain Yield
Soil ECy.5 (dS/m) Soil pHy;5 Biomass (g/m?) (g/m?)
Statistic Start of At Start of At At At
Season Harvest Season Harvest Harvest Harvest
Mean 0.40 0.44 5.52 5.29 914.2 389.5
Median 0.03 0.04 5.56 5.33 1048.5 420
SD 1.16 1.33 0.44 0.52 687.8 309.0
Min 0.01 0.01 4.45 4.00 0 0
Max 5.36 6.19 6.68 6.25 2269 1249
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3.4. Correlation between Remote-Sensing Data and Field Data during the 2019 Dry Season

A strong and significant (p < 0.05) positive correlation was observed between TI-NDVI in season 7
and both total aerial biomass (r = 0.77, p < 2 X 1074y and grain yield (r=0.82,p <2.2 X 10716) (Table 3),
which confirms that TI-NDVI is a good indicator of rice vegetation growth and its final yield. Soil ECy.5
was negatively correlated with TI-NDVI at the start and end of the season (r = —-0.38, p = 0.002 for the
start, p = 0.002 for the end), with total biomass (r = —0.23, p = 0.062) and, significantly, with grain yield
(r=-0.29,p =0.019).

Table 3. Pearson correlations between the TI-NDVI indicator derived from Sentinel-2-images and soil
(EC1:5, pHi:5) and crop indicators (total biomass, grain yield). Data were collected for 64 fields during
the dry season of 2019 (i.e., season 7). SS and ES indicate the start and end of the growing season,
respectively. Bold values indicate significant (p < 0.05) correlations.

Soil ECy:5 Soil ECy.5 Soil pH Soil pH  Total Aerial Grain

TI-NDVI SS ES SS ES Biomass Yield
TI-NDVI 1.00
Soil EC1;5_SS —0.38 1.00
Soil ECy.5 ES —0.38 0.99 1.00
Soil pH SS 0.35 -0.63 —-0.63 1.00
Soil pH_ES 0.16 —0.62 —0.62 0.74 1.00
Total Aerial Biomass 0.77 -0.23 -0.23 0.35 0.1 1.00
Grain Yield 0.82 -0.29 -0.28 0.34 0.07 0.72 1.00

3.5. PCA and HCA Analysis of Remote-Sensing Data over the Eight Growing Seasons

The first axis of the PCA was positively correlated with all of the TI-NDVI variables (Figure 7),
which indicates that the spatial variability in TI-NDVI among fields was the main factor that influenced
variations in the dimensional space. The second axis was correlated with SI but also distinguished the
TI-NDVI estimates of the dry seasons (1, 3, 5 and 7) from those of the wet seasons (2, 4, 6 and 8).

While soil pH was little represented in the first PCA plane, soil ECy;5 measured at the start
and end of season 7 was negatively correlated with the first axis and thus with TI-INDVI variables.
More surprisingly, neither soil ECy.5 variable was correlated with SI. Following PCA, HCA identified
five clusters of fields that behaved similarly during the eight growing seasons according to the
remote-sensing data (Figure 8).
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3.6. Description of the Field Clusters

The five clusters differed in their remote-sensing and field data (Table 4):

e  C(luster 1 had low TI-NDVI in both dry and wet seasons. In 2019, EC;.5 was highest in this cluster,
soil pH was very acidic and total biomass and grain yield were zero. The maximum EC; 5 of some
fields in this cluster (5.36 dS/m) indicates that this cluster had the highest salinity.

e  Cluster 2 had low TI-NDVI in dry seasons, due to rare cultivation, and a higher TI-NDVI in
wet seasons, but one that was still lower than those of clusters 3-5. In 2019, soil ECy.5 was
not significantly higher than those of clusters 3-5, but total biomass and grain yield were
significantly lower.

e  Cluster 3 had moderate TI-NDVI in dry and wet seasons and a significantly higher SI. In 2019, soil
EC;.5 was low, pH was relatively high, and mean total biomass and grain yield were the second
highest among the clusters.

e  Cluster 4 had low TI-NDVI in dry seasons due to frequent non-cultivation but high TI-NDVI in
wet seasons. In 2019, soil ECy.5 and pH were low, and the fields were not cultivated.

e  C(Cluster 5 had extremely high TI-NDVI in both dry and wet seasons. In 2019, soil EC;.5 was low,
pH was relatively high and total biomass and grain yield were the highest.

Table 4. Mean (and standard deviation) per cluster of fields defined by ascending hierarchical clustering
for the variables derived from Sentinel-2 images (TI-NDVI, SI) and from field data collected in 2019
(ECy:5, pH, total biomass, grain yield). For each variable, different letters indicate significant differences
in the mean among clusters according to a p < 0.05 Tukey test at a 95% confidence level.

2016-2019 Dry Season 2019
Dry Season Wet Season . Total s s
Cluster 1:1‘;1;’: TI-NDVI TI-NDVI Mean SI S:’élsig;ﬁ Soil pH Biomass Gr?gl;‘lé‘)eld
(NDVLDays) (NDVILDays) (g/m?)

1 7 1.0(1.2)2 128 (44)?* 72930 2624 50(06)2 0(0)2 0(0)2
2 9 52(6.1)° 255(3.1) b 725242  06(1.1)2 55(02)b  314(572)2 109 (217) 2
3 14 19.7 (3.6) 4 30.6 (1.8) © 748(13)% 010002  57(02)° 1308(319)>  527(179)P
4 6 10.1 (4.0) 44.6 (5.0) ¢ 70.1(0.9)2  0.1(0.0)2 52(0.3)2b 0(0)2 0(0)2
5 28 25.4 (1.9) ¢ 359 (3.1) 4 75.0(1.7)%  0.05(0.1)2 5.6(0.4)P 1335(414)> 592 (205) P

3.7. Mapping the Clusters over the Entire Study Area

Using the eight grids with the TI-NDVI of each pixel for the eight seasons and the grid with the
SI of each pixel, SCG enabled each pixel to be attached to one of the five clusters defined from the
64 study fields considered as training areas. Figure 9 shows the distribution of the five clusters over
the entire study area, with the associated distance to the nearest cluster, which indicates when the
cluster represents a given pixel well (i.e., small distance) or poorly (i.e., large distance). Clusters 1
and 2, both of which had low TI-NDVI during the dry seasons since they were often not cultivated,
were located mainly in the north and south of the Sébéri system (Figure 9). Cluster 5, with the highest
TI-NDVI in both dry and wet seasons, predominated in the north of the Tchagriré system and the
center of the Sébéri system. Cluster 3, with moderate TI-NDVI in both seasons, represented large areas
in Sébéri in intermediate positions between clusters 1 or 2 and 5, but also in non-agricultural areas
(e.g., paths, natural areas), which had large distances to the nearest cluster. Cluster 4 occupied small
areas in Sébéri and the south of Tchagriré, often near fields of cluster 2.
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Figure 9. Mapping of the five clusters over the entire study area of the irrigated systems of Sébéri and
Tchagriré using supervised classification that assigned each pixel to the nearest cluster.

4. Discussion

This study continuously monitored spatio-temporal dynamics of SI and NDVI in paddy fields
using Sentinel-2 satellite images over eight growing seasons from 2016 to 2019. Based on field data
collected (biomass, EC and pH) during the 2019 dry growing season, a relation between spectral indices
(NDVI and SI) and field data was established to understand the behavior of rice crops and relate the
spatio-temporal variation and pattern of spectral indices to salinity.

4.1. Variation in Spectral Indices among Crop Seasons

In the 2016-2019 time series, the spectral indices used (SI and NDVI) varied in different ways. First,
SI was estimated at dates when bare soils prevailed according to an NDVI threshold (NDVI <0.21). SI
averaged over the 4 years of study varied in a narrow range and was weakly correlated with soil ECy.5;
only highly saline areas, generally not cultivated, had higher SI values, due to the presence of salt
crusts at the surface. These results may be explained by the short periods during which bare soil can
be observed in irrigated paddy field systems; they generally last less than a month between successive
crops, which corresponded to 3-5 dates when Sentinel-2 images were available. Thus, only a few
dates when SI could be estimated were available. The soil may also be covered by crop residues or
change drastically in water content due to the stopping or starting of irrigation after harvest or before
preparatory work for planting rice. These factors may interfere with the estimation of SI and limit its
ability to distinguish soil salinity.

In contrast, NDVI dynamics could be followed at a fine temporal resolution since cloud-free
images were available at 133 dates during the eight growing seasons, with a mean of 21 dates per
season since the end of 2017. We observed significant differences in TI-NDVI among the fields and
eight growing seasons. TI-NDVI, which differed greatly between fields in a given season and over
time, was used to differentiate areas with constraints to vegetation growth in the irrigated systems.
In a given season, non-cultivated or cultivated areas with constraints had low TI-NDVI in dry and wet
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seasons (clusters 1 and 2) (Table 4). Areas cultivated throughout the year with few constraints had high
TI-NDVI in wet seasons and moderate TI-NDVI in dry seasons (cluster 3), while zones cultivated in
dry and wet seasons without any constraints had high TI-NDVI in both seasons (cluster 5) (Figure 8).
Nonetheless, there were areas near the main drainage channel with salinity constraints and moderate
TI-NDVI that were cultivated only in wet growing seasons. They may have occurred because they are
always wet and wild grasses grow there in the dry seasons, which influences the NDVI. TI-NDVI also
differed significantly between dry and wet seasons (Figure 5a,b). Wet growing seasons had higher
mean TI-NDVI than dry ones. TI-NDVI varied from 29 to 34 NDVI.days in wet seasons and 15 to 19
NDVI.days in dry seasons. This result is due to the climatic conditions in the study area in dry seasons
(hot, dry wind, high temperature) that limit crop growth. In addition, high temperature favors the rise
of salt from lower horizons to the rooting zone of crops, which damages their roots. In wet seasons,
conditions are more favorable for crop growth. Over the time series, wet and dry seasons varied among
years, again due to climatic conditions (temperature in dry seasons and precipitation in wet seasons).

4.2. Temporal and Spatial Patterns of NDVI

Soil salinity influences vegetation density and crop growth, as explained by NDVI. TI-NDVI
was used in this study to indicate constraints to crop growth and density, as in previous studies [32].
Five clusters were obtained to differentiate areas with constraints to rice growth in the two irrigated
systems. Non-cultivated areas had the lowest TI-NDVI and were considered likely to be areas with high
salinity constraints (cluster 1) (Figure 9). Areas cultivated only in wet seasons because of constraints
had low TI-NDVI and may be considered to have moderate salinity constraints that limit crop growth
(clusters 2 and 4) (Figure 9). Areas cultivated in both seasons with few constraints had high TI-NDVI
and may be considered to have few salinity constraints (cluster 3) (Figure 9). Finally, areas cultivated
without constraints had the highest TI-NDVI (cluster 5) (Figure 9) and were considered zones without
salinity constraints. Our results show that the spatial pattern of TI-NDVI corresponds to the spatial
distribution of problematic patches in the study area. The main constraint may be salinity, while other
constraints could be explained by soil type, microtopography and farming practices. Mean ECe
measured during ground truthing was calculated for each cluster and assigned to the respective
TI-NDVI of the clusters to validate the four salinity classes obtained from the classification of TI-NDVL
Based on EC measurements, visual observations and knowledge of the terrain [33], mean TI-NDVI
of the clusters were classified into four classes of soil salinity [34]: non-saline, slightly, moderately
and very saline (i.e., ECe < 2, 2—4, 4-8 and 8-16 dS/m, respectively). Measured soil EC alone could
not explain the level of salinity of the clusters (Table 4); however, integrated interpretation using the
EC, mean TI-NDVI, total biomass and grain yield with visual observations of the study area could
be used. Cluster 1, consisting of abandoned fields with low mean TI-NDVI in dry and wet seasons,
no rice biomass or grain yield, maximum EC of 5.36 dS/m2 and white efflorescence on the soil surface,
can be considered saline soil. Clusters 2 and 4, consisting of fields cultivated only in wet seasons and
rarely in dry seasons, despite having a lower level of surface salinity, have low TI-NDVI in dry seasons,
low biomass and grain yield in the few fields cultivated in dry seasons and no yield in non-cultivated
fields. Salt efflorescence is present in these fields. The maximum EC was 2.59 dS/m?2, which may not
reflect the true EC of the clusters. These two clusters can be considered moderately saline. Clusters 3
and 5 consisted of cultivated fields in both dry and wet seasons. Based on measured EC, they were
classified as non-saline, but since cluster 3 has lower TI-NDVI, biomass and grain yields than cluster
5, cluster 3 has few salinity constraints. Thus, cluster 3 can be considered slightly saline and cluster
5 non-saline.

4.3. Field EC Variation and Salinity

In the Sébéri irrigated system, EC generally increased from the areas next to the sand dunes to
the river’s floodwater protection dike, perhaps because the dike has modified the functioning of the
soils next to it [18]. In the Tchagriré irrigated system, EC generally increased from the areas next to the
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river to the main drainage ditch, likely due to topography. Areas at lower elevations had higher EC
than those at higher elevations. Overall, the pattern of EC followed those of TI-NDVI, biomass and
grain yield. EC measured in the two systems does not reflect the real situation in the field. Areas that
showed signs of salinity (i.e., abandoned fields, low NDVI, low yields) had low measured EC, which
indicates that a salt stock may lie in the lower horizons. To map salinity in this situation, measured EC
should be compared to other maps (e.g., TI-NDV], yield, soil, elevation) of the same site with similar
sampling patterns or resolution. Doing so may provide useful insights into other parameters that
could explain salinity.

5. Conclusions

This study developed a step-by-step method to estimate constraints on the growth of rice, the most
important of which is salinity. Dense time series of Sentinel-2 images over eight growing seasons
enabled us to describe the behavior of rice biomass and to differentiate fields where rice is subjected to
stress during growing seasons. In irrigated systems, periods of bare soil were brief, and the SI derived
from Sentinel-2 images could not differentiate soil salinity of fields. Monitoring vegetation behavior
over four years by deriving the NDVI from Sentinel-2 images and calculating the TI-NDVI was able to
differentiate fields based on constraints that limit rice growth. Several constraints can occur in areas
subjected to stresses but can be related locally to soil salinity and verified by field sampling, which can
be guided by TI-NDVI classification. This approach is particularly adapted to irrigated rice systems in
which monoculture prevails and differences in TI-NDVI are not caused by different crops.
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