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Wetland restoration success is dependent on the likeness of both structure and function of the restored
wetland systems comparable to reference sites. Assessing the success of restoration is reliant on the
monitoring and evaluation of the restored system overtime as was done with Nakyesanja, a restored
wetland, and Kiryagonja, a referenced natural wetland in Wakiso District, Uganda. The objectives of this
study were to determine plant characteristics (species abundance, diversity, height and phytomass) in
the wetlands and evaluate the effect of water level on plants establishment and phytomass
accumulation. Two transects were established in each wetland with five plots measuring 1x1 m® on
each transect. Plant species were identified in the plots while papyrus was measured and harvested.
The water level was also measured in each plot. No significant difference was detected in the above
ground phytomass of Cyperus papyrus L. in the restored and the natural wetlands (p = 0.202). The
restoration process has caused papyrus plants to accumulate productivity similar to the natural level.
No significant difference was also observed in the heights of papyrus (p = 0.232). This indicated that the
restoration methodology was effective on plants growth; making plants acquiring heights as their
counterparts in the natural wetland. Uneven water distribution affected the growth and distribution of
plants in the restored wetland. Areas of high water level got colonized with typical wetland species
while areas with low water level got colonized by opportunistic plants. However, the water level was
positively correlated (R = 0.485, p = 0.042) with species diversity in the natural wetland making
waterlogging the key determinant of macrophytic plants establishment in a natural environment.
Periodic study is therefore recommended to monitor the success of the wetland restoration overtime.

Key words: Abundance, Cyperus papyrus L., diversity, plant species, restoration, water level, wetlands.

INTRODUCTION
Wetlands provide a large array of ecosystem services defined as the benefits people derive from nature
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including filtering pollutants, and regulating water flows
such as groundwater recharge, water availability during
the dry season and minimizing flood impacts.
Additionally, they supply riparian communities with basic
needs such as water, construction materials, and fuel.
They are used for farming, fishing, and livestock grazing.
In Uganda, wetlands provide a wide range of tangible
and non-tangible benefits to various communities (MWE,
2009). Over 80% of the people living adjacent to wetland
areas in Uganda directly use wetland resources for their
household food security needs (Turyahabwe et al.,
2013). Most of the wetlands closer to urban centers have
been degraded with many lost as a result of urbanization
that has led to wetland reclamation which has become a
key issue of discussion in natural resource governance in
Uganda (Emerton et al., 1998).

The Ramsar convention defined restoration in its
broadest sense, including activities that promote a return
to previous conditions as well as those that improve the
functioning of a wetland without necessarily seeking to
return to its pre-disturbance condition (Ramsar, 2010).
Restoring lost or degraded wetlands represents a
valuable and cost-effective opportunity for society to
recover and enhance benefits for human health and
wellbeing including reduced risk from storms and other
extreme events, improved food and water security, and
the capacity to mitigate and adapt to climate change.
Wetlands are restored for a number of purposes,
including habitat replacement, water-quality
enhancement, and flood minimization (Mitsch and
Gosselink, 2000). Wetland restoration is needed to
counteract the loss and degradation of wetland
ecosystems and their benefits in many countries
(Acreman et al., 2007). The catalysts for initiating wetland
restoration activities are present at a number of levels,
from obligations under international treaties to local
opportunities and community-based initiatives. Wetland
restoration has a role to play in meeting the Sustainable
Development Goals, especially with regard to the
environmental sustainability objectives, and also for
achieving the targets under the United Nations
Framework Convention on Climate Change by reducing
emissions and enhancing carbon stocks in forested
wetland ecosystems (Hassan et al., 2014). Experience
has shown that where wetlands are degraded, poverty
generally increases, escalating pressures on the
remaining wetland resources and leading to further
wetland degradation and poverty (Kumar et al., 2011).

A common goal of wetland restorations is creating plant
diversity. There are natural wetlands that do not contain
high diversity, such as those dominated by a limited
number of sedge or bulrush species. Most wetland types
exhibit a high degree of diversity. Often the diversity of a
wetland prior to disturbance will not be equal in a
restoration, but a goal of establishing a moderately
diverse plant community is a first step in this direction.
Restoring a diverse wetland will often provide quality
habitat for a large number of species (Shaw, 2000).

In Wakiso, Uganda, a restoration order was issued for an
urban degraded wetland, Nakyesanja, and implemented
by the Kawanda Secondary School with engineers from
the National Environmental Management Authority
(NEMA) providing technical expertise. As part of
directive, NEMA mandated that actions should be taken
to restore the hydrology of the system and so the
technicians redirected water to the restore site from
upstream and open channels within the wetland to
ensure distribution across the system. Papyrus was
planted and used to facilitate restoration process in the
wetland because of their ability to support soil structure
through their thick root mat, and also their assistance to
soil nourishment by their cover preventing direct sunlight
as well as decay of dead leaves and other plant parts.
Bulk of wetlands studies in Uganda has focused on
natural pristine wetlands and constructed wetlands use
for wastewater treatment (Kansiime et al., 2007). This
study focused on determining the effect of wetland water
level in establishing aquatic macrophytes in a restored
wetland and compared that with a referenced
undisturbed wetland. Giving that vegetative diversity has
been the most commonly used measurement of wetlands
restoration success (Ray et al.,, 2012), this study in
addition to water level measurement focused on plant
species diversity, relative abundance, height and
phytomass accumulation. This research on a restored
wetland will change the dynamics by adding to the
current body of knowledge, and by monitoring the
wetland from time to time Nakyesanja wetland could
serve as a model of wetland restoration for wider
dissemination in Uganda and maybe beyond.

MATERIALS AND METHODS
Description of the study areas

The wetlands studied, both restored and natural, are located in
Wakiso District in Uganda on the outskirt of Kampala. The restored
wetland, Nakyesanja, lies directly opposite Kawanda Secondary
School in Nabweru sub-County at the following coordinates 32°32’
3.066”N and 0°24’ 14.7132”E. The reference natural wetland,
Kiryagonja, is located in Gombe sub-County at the following
coordinates 32°29’ 33.126”N and 0°30’ 54.5184”E. The estimated
terrain elevation above sea level for both Nakyesanja and
Kiryagonja wetlands are 1160 and 1150 m, respectively (Figure 1).

Plant sampling and data collection

Two transects of 100 m long each were established 2 m from the
outer edge of the natural and restored wetland. Five plots of 1 x 1
m? size, 25 m apart from each other, were measured on each
transect. Aboveground papyrus parts (culms and umbel) were
harvested from all the plots. All the culms and umbel from each 1
m? plot were cut into small units and put in plastic bags and their
fresh weight determined on site. After determining the fresh weight
from a given plot, a mixed sub-sample of 1 kg (of both culms and
umbel) was then transported to the soil science laboratory at
Makerere University. After drying to constant weight, the dry
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Figure 1. Map of the study areas showing the location of Nakyesanja and Kiryagonja Wetlands.

weights were then determined on the same scale used in the field.
The ratio of wet weight to dry weight was used to calculate the
phytomass density (kg m?) in given plots in the restored and
natural wetlands.

The heights of papyrus plants harvested were recorded using a
tape measure from sheath to base of umbel. The average heights
of papyrus in each plot was computed and considered as the height
of papyrus at a given wetland site.

Water level measurement and species identification

The water level in each plot was measured by using a calibrated
auger in both restored and natural wetlands. Auger pits were dug in
10 plots in each wetland reaching the water table. The calibrated
auger was partitioned into 10 cm segments using a tape measure.
The auger was then placed back in the pits and observed to see
where it reached the water table in each pit. Those observations
were then recorded as the water level.

Plants species were identified in the same 1 m? plots used for
phytomass assessment. This was done before the papyrus was
harvested. Plant species were identified on site with the help of a
botanist. Species that were not identified in the field were collected
and attached on newspapers, used as plant press, using a scotch
tape and taken to the herbarium at the Department of Botany,
Makerere University for identification. The species names were
confirmed using the International Plant Names Index (IPNI).

Data analysis

The relative abundance (RA) of the plant species was captured

Table 1. Categories of upper ranges on the DAFOR scale
used to score species.

Dominant 100%
Abundant 75%
Frequent 50%
Occasional 25%
Rare 10%

using the DAFOR Scale (Scaglia et al., 2008). The DAFOR Scale
enables one to determine relative abundance of species in a
habitat by designating assigned percentage to species that are
dominant, abundant, frequent, occasional and rare (Kent and
Coker, 1992) (Table 1).

The RA of a species was calculated by dividing the sum score of
that species in all 10 plots by the total score of all species in each
wetland community. The relative abundance was then used to
compute the species diversity using Shannon Index (H):

H=- z (PiXInPi),

wn

where (Pj) is the relative abundance of species “i” in the community
(Thompson et al., 2005).

Sorensen’s Coefficient of Similarity was used to determine the
pattern of species turnover among successive communities. Its
coefficient value ranges from 0 (complete dissimilarity) to 1 (total
similarity). Floristic similarity was calculated by the following

formula (Krebs, 1999).
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Figure 2. Mean phytomass and heights of Cyperus Papyrus L. in a
restored and natural reference wetland. Graphs with the same letters are
not statistically significant. Bars represent standard error of the mean

(n=20). DW = Dry Weight, m = meters.

Sc =[2al/(2a+b+c)] x 100.

where Sc = Sorensen’s similarity index, a = number of species
common to both wetlands, b = number of species unique to the
restored wetland, ¢ = the number of species unique to the natural
wetland.

GenStat 15th Edition for Windows was used for data analysis. All
statistics were computed at a 95% confidence level p < 0.05. One
way analysis of variance (ANOVA) was used to compare the
parameters in both restored and natural wetlands. The parameters
were phytomass density, species diversity, abundance, water level
and plant height. Simple linear regression was also used to find the
relationship between water level and plant characteristics
(abundance, diversity, phytomass and heights) in both restored and
natural wetlands.

RESULTS
Papyrus phytomass and height

The mean aboveground phytomass in the restored and
natural wetlands were 1.69 = 0.32 and 2.29 + 0.35 kg
DW/m?, respectively (Figure 2). Papyrus was not found in
two plots of the restored wetland. The papyrus planted
during restoration appears to not have survived and
those plots have been overtaken by other macrophytic
plants.

The mean value of Cyperus papyrus heights in the
restored wetland was 2.86 + 0.24 m and the natural
wetland was 3.07 + 0.25 m (Figure 2).

Water level variation in the wetlands and relationship
with plant characteristics

The mean water level was closer to the surface along

transects of the natural wetland as compared to the
restored wetland (Figure 3). Comparison of water level
within transects in the restored showed significant
difference (p = 0.050) while water level within transects of
the natural wetlands did not show significant difference (p
= 0.771). The overall comparison of water levels between
the restored and natural wetlands showed significant
difference (p = 0.001).

There were moderate positive correlation and significant
relationship of species diversity to water level (R® =
0.485, p = 0.042) in the natural wetland. The regression
analysis to establish the relationships between water
level and other plant characteristics in the two wetlands
were not statistically significant. These results indicated
that the restoration process was not yet effective on
water distribution across the wetland. Typical aquatic
macrophytes colonized areas of high water level (37-45
cm away from the surface) in both restored and natural
wetlands but areas of low water level (55-60 cm away
from the surface) were colonized by others opportunistic
plants that could survive fluctuating water conditions
(Table 2).

The common and unique plant species in the
restored and natural wetlands

The common species in the restored and natural wetland
are shown in Table 3. The total number of species
identified in the restored wetland was 57 belongs to 47
genera and 27 families. In the natural wetland, 43
species were identified belonging to 37 genera and 22
families. The species unique to each wetland type is
shown in Table 4. There were 36 species found to be
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Figure 3. Mean water levels changes along transects in the restored and
natural wetlands. Graphs with the same letters are not statistically
different. Bars represent standard error of the means (n=20). Water level
was measured from the surface downward. T1 and T2 indicate transects

1 and 2 in both wetlands.

Table 2. Summary regression statistics of water level and plant characteristics in the wetlands.

Description of the characteristics Wetland Type R R® P- Value SE
Water level and plant height Restored 0.170 0.020 0.660 0.815
P 9 Referenced Natural 0.531 0.289 0.141 0.767
Water level and phvtomass Restored 0.082 0.004 0.832 1.098
Py Referenced Natural 0.502 0.223 0.167 1.086
Water level and diversit Restored 0.314 0.029 0.409 0.199
y Referenced Natural 0.682 0.485 0.042 0.330
Water level and richness Restored 0.237 0.056 0.508 4.028
Referenced Natural 0.114 0.013 0.753 5.162

unique to only the restored wetland while 22 species DISCUSSION

were found to be unique to only the natural wetland. The
most abundant species in the restored wetland was C.
papyrus L. followed by Ipomea cairica L. and Panicum
trichocladum Hack. ex K. Schum. The most abundant
species in the natural wetland were C. papyrus L.,
followed by Leersia hexandra Sw. and Christella dentata
Forssk. There were 21 species common to both
wetlands. Majority of the common species (14) were
more abundant in the restored wetland. Sorensen’s
Coefficient of Similarity calculated the similarity of the
both wetlands to be 45% similar and dissimilarity to be
55% indicating the communities were more dissimilar in
floristic composition.

C. papyrus phytomass in the restored and referenced
natural wetlands

The average phytomass of papyrus in both studied
wetlands was within the range (1.4 - 4.95 kg/mz) reported
in literature for East and Central African wetlands (Chale,
1985; Muthuri et al., 1989). However, the values were
relatively lower compared to previous studies (Kansiime
et al., 2003; Kansiime et al.,, 2005; Kipkemboi et al.,
2002). This could have been as a result of zero
interaction between papyrus plants and wastewater
supply. Perbangkhem and Polprasert (2010) found out
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Table 3. The relative abundance of common plant species in the restored and natural wetland.

Relative abundance in wetlands

No Species
Restored Natural
1 Acanthus polystachius Delile 0.010 0.007
2 Bothriocline longipes (Oliv. and Hiern) 0.020 0.005
3 Bridelia micrantha (Hochst.) Baill. 0.005 0.030
4 Commelina benghalensis L. 0.020 0.005
5 Crassocephalum vitellinum( Benth.) S.Moore 0.026 0.005
6 Cyperus distans L.f. 0.026 0.005
7 Cyperus papyrus L. 0.164 0.179
8 Gynura scandens O.Hoffm. 0.010 0.009
9 Hibiscus diversifolious Jacq. 0.031 0.010
10 Ipomoea cairica L. 0.082 0.042
11 Ipomoea whitei 0.015 0.020
12 Leersia hexandra Sw. 0.026 0.114
13 Ludwigia abyssinica A.Rich. 0.015 0.045
14 Momordica feotida Schumach. 0.005 0.002
15 Panicum trichocladum Hack. ex K. Schum. 0.063 0.035
16 Persicaria setosula (A. Rich.) K.L. Wilson. 0.010 0.035
17 Stephania abyssinica (Quart.-Dill. and A.Rich.) 0.041 0.040
18 Tragiabrevipes Pax 0.005 0.002
19 Triumfetta macrophylla Schumann 0.015 0.005
20 Vernonia amygdalina Delile 0.022 0.010
21 Zehrenia scabra 0.036 0.016

that papyrus planted in or supplied with wastewater reach
the ultimate growth rate more rapidly than those in the
natural state. Kansiime et al. (2003) also reported that C.
papyrus growing in the main path of wastewater were
healthier, exhibiting long and thick culms, long umbel and
dark green shoots; while those not under the influence of
wastewater were stunted and yellowish green in color. In
the natural wetland, over-harvesting could have been
another factor responsible for the low phytomass
productivity as women were seen frequently harvesting
papyrus culms and umbel for commercial purpose. The
phytomass productivity in both restored and natural
wetlands was in the same measure as reported by
Mugisha et al. (2007) while working on re-growth papyrus
in Uganda found their productivity to be 1.16 and 2.24 kg
DW/m® in Nakivubo and Kirinya wetlands, respectively
and attributed that to the frequency of cutting affecting re-
growth.

In the restored wetland, productivity of papyrus was
higher in areas of high water level but lower in areas of
low water level. Productivity at areas where water level
was close to the surface (37 - 45 cm) phytomass
accumulation was as high as 2.8 kg DW/m?. Other areas
with water level relatively farther away from the surface
(55 - 60 cm), the phytomass accumulation dropped to 1.8
kg DW/m®. However, these results were not sufficient to
draw a conclusion that water level was a key factor
determining the growth and distribution of aquatic

macrophytes especially papyrus in this study. Serag
(2003) indicated that the optimum conditions for papyrus
growth are the presence of adequate fresh water current,
continuous flooding of the root system, and change in the
hydrological regime especially water current and flooding.

Species diversity, relative abundance and water level

The study found out that the restored wetland was
relatively higher in diversity with plant species as
compared to the referenced natural wetland. This finding
may be attributed to colonization of the restored wetland
edges or landward areas by opportunistic plants where
the water level was far from the surface. Species tolerant
to flooding for short periods became established without
problems on the edge of the restored wetland where
there was occasional flooding with freshwater. Another
factor contributing to the establishment of species in the
restored wetland was the microtopography that existed in
the wetland, creating microhabitats favoring species with
different levels of tolerance to inundation (Piedade et al.,
2010). The relative lower species diversity in the
referenced natural wetland may also have been a result
of the waterlogged condition (Brock et al., 2005) which
most likely is tolerated by only macrophytic plant species.
Lower diversity in the natural wetland could also be as a
result of little or no disturbance (Tao et al., 2008). The
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No Species unique to restored wetland Species unique to natural wetland
1 Achyranthes aspera L. (Latjeera) Brachiaria decumbens

2 Adenostema cafrum DC Christella dentata Forssk

3 Aeschynomene indica L. Cissamperos mucronata L

4 Aframomum unguistifolia K.Schum Commelina diffusa Burm.f.

5 Aspiria africana Cordia sp

6 Aspiria kotshyana Cyperus latifolious Poir. Protologue
7 Asystezia gangetica L. Dichrostachys cinerea Wight et Arn.
8 Canavalia cathartica Thouars Ficus vallis chaude, Olam,

9 Centella asiatica L. Hibiscus sabdariffa L.

10 Cissus petiolata Hook.f. Justicia sp

11 Clerodendrum johnstonii Oliv Macaranga schweinfurnthii

12 Cynodon dactylon (L.) Pers. Mondia whitei (Hook.f.) Skeels

13 Elephantopus scaber L. Persicariastrigosa (R.Br.) H.Gross APNI
14 Eucalyptus sp Peucedanumsp

15 Ficus natalensis Hochst Phoenix reclinata Jacq.

16 Ficus sp Polygonum sp

17 Glycine whitei Rumex usambarensis L.

18 Hibiscus cannabinus L. Sesbania sesban L.

19 Hoslundia opposite Vahl Tabernaemontana crassa Benth.
20 Indigofera arrecta L. Thumbergia alata Bojer ex Sims

21 Ipomea rubens L. Urena robata L.

22 Ipomoea aquatica Forssk. Waltheria indica L.

23 Lantana camara L.

24 Mimosa pigra L.

25 Ocium grantisimum L.

26 Panicum maximum Jacq

27 Pennisetum purpureum Schumach.

28 Phyllanthus amarus

29 Psidium guajava L.

30 Rhynchosia stipulosa A. Rich.

31 Setariasphacelata (Schumach.) Stapf and C.E. Hubb.

32 Solanum mauritianum Scop.

33 Solanum nigram L.

34 Tridax procumbens L.

35 Vernonia smithiana Less

36 Virgina unguiculata (L.) Walp.

relative higher species diversity in the restored wetland
could have also been a classic example of invasion by
functionally different species following the changes in
environmental filters like soil and water qualities (Mayfield
et al., 2010). Stefanik and Mitsch (2012) reported high
species diversity for younger restored site than mature
site. Other studies have found that restored wetlands
tend to have high species diversity during the monitoring
period, but species diversity begins to decline with age
(Gutrich et al., 2009; Balcombe et al., 2005).

The relative higher species abundance in restored
wetland compared to natural wetland could have been
because overtime the reference natural wetland tends to

maintain and multiply only species that can withstand a
waterlogged environment. This is consistent with Ho and
Richardson (2013) who reported that the seasonal
waterlogged conditions of restored marshes can preclude
the establishment of many species that are water
intolerant. The comparison of plant characteristics of
restored wetland with natural wetland showed a general
trend towards a mature community or ecosystem, which
also has been observed in terrestrial systems (Comin et
al., 2001). It is expected that with longer restoration time,
species composition will increase in similarity and
stability and reflect functional characteristics of a natural
wetland vegetation community.
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This study found out a non-significant relationship
between the phytomass density and water level in the
restored and referenced natural wetlands. The result of
this study also concurs with Webb et al. (2012) who
found inconsistent evidence to support the hypothesis
that increased water level causes decrease in
aboveground biomass.

Species composition in zones of the restored

wetland

The middle of the restored wetland which had relatively
higher water level was colonized with typical macrophytic
vegetation, and those species were also common to the
natural wetland. Edges of the restored wetland were
established by opportunistic species. Species such as
Cynodon dactylon were found on the landward because
of its ability to survive on almost all soil types and being
able to adapt to chemical stress (De Silva and Snaydon,
1995). Achyranthes aspera also found on the edges was
established as a herb that grows in dry and seasonally
flooded areas (Bussmann, 2006). Other species like
Asystasia gangetica, Hibiscus cannabinus, Indigofera
arrecta and Panicum maximum established at the edges
because of their ability to adapt to a wide variety of
conditions (Orwa et al, 2009; Akah et al., 2003;
Oudtshoorn, 2002). However, exotic species like
Eucalyptus species and Solanum mauritianum Scop.
were planted by engineers on the edges of the restored
wetland during the initiation phase to prevent erosion, act
as a windbreak and also provide cover.

Conclusion

The restored wetland had similar plant height and
phytomass of Cyperus papyrus L. as the natural wetland.
In the restored wetland, areas with high water level got
colonized with typical wetland species while areas of low
water level favoured other species tolerant to fluctuating
conditions. This variable condition caused the restored
wetland to be more diverse and abundant in species
composition than the natural wetland. The plant species
associated with the restored wetland differed from the
plant species found in the natural wetland but it is
expected to start exhibiting resemblance similar to a
natural condition if the water level becomes uniformed. It
is recommended that future studies be undertaken on the
development of soil properties, water quality and plant
characteristics in Nakyesanja wetland in comparison to
other wetlands with different hydrologic regimes to
monitor the restoration progress over time.
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The current anarchic exploitation of Marcusenius fish in the Malebo Pool located in the Congo River
stands as a threat of extinction to certain species, while the ecology of most of them are hardly known.
This study aims at evaluating the impact of environmental factors on the distribution of Marcusenius
fish caught in six fishing stations in the Malebo Pool. Canonical correspondence analysis of
environmental factors classified the stations into two groups, which differ in vegetation formation,
bottom substrates, water current velocity, pH, suspended particles and in dissolved oxygen. Thus, the
five stations located upstream and in the middle of the pool are characterized by low water current
velocity, slightly acidic pH, bottom substrates composed of silt, plant debris, clay, silt and sand. The
predominant Echinocloa and Eichhornia plant formations found in these sites provide shelter, food
sources and impact on the distribution and abundance of seven Marcusenius species in Malebo pool.
The rocky substrate of Kinsuka station associated with the plant formation dominated by
Ledermanniella and Pennisetum, and a high-water current constitute a habitat that is not favourable for
Marcusenius species.

Key words: Abundance, ecology, flora, Marcusenius, fishing, substrate, Malebo Pool.

INTRODUCTION

Currently, ichthyological resources are subject to pécheur. These camps are crowded areas exerting great
anarchic exploitation in Malebo Pool by fishermen from pressure on the aquatic environment (Tembeni et al.,
several fishing camps along the River in Kinshasa, such 2019), and constitute a threat of extinction to most of the
as Ngamanzo, Kimpoko, Kinkole, Kingabwa and Kinsuka species whose ecology is little known. Knowledge of the
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Figure 1. Map of the Malebo Pool Congo River showing the 6 sampling sites for Marcusenius

fish from July 2010 to June 2021.

ecology of species is essential to ensure proper
management of fisheries resources. It is the basis for the
understanding of their dynamics population and life
history strategies (Tembeni et al., 2019). The rational
exploitation and conservation of this fishery resource in
Malebo Pool can be properly planned (Zango et al.,
2016). Fishes of the Mormyridae family are not exempted
from this pressure. Mormyridae are nocturnal with small
eyes covered by a thick skin and generally live in murky,
dark and muddy waters. They have electrical organs of
muscular origin located in their caudal peduncles that
emit electrical signals to locate prey, objects and
communicate with other species (Stiassny et al., 2007,
Decru et al.,, 2019). This family, which is particularly
diversified in Malebo Pool, represents 20 to 22% of the
catches using passive nets after 12 h a day of fishing
effort (Mbadu, 2010). These fishes are divided into 12
genera and 47 species, 8 of which belong to the genus
Marcusenius (Kramer et al., 2016; Manda et al., 2018;
Tembeni et al., 2019).

Most of the studies done on fishes of the genus
Marcusenius have been mainly devoted to taxonomic and
systematic aspects (Adjibade et al., 2020; Stiassny et al.,
2007; Maake et al., 2014; Decru et al., 2016; Kisekelwa
et al.,, 2016; Decru et al., 2019) and few to biological
aspects (Lévéque and Paugy, 2006; Amira et al., 2019;
Ndinga et al., 2021; Seraphin et al., 2022). However,
there have been no in-depth studies on ecology on these
species of the genus Marcusenius living in Malebo Pool.
Suggestions were made therefore, to study and classify

the habitats of the seven species of the genus
Marcusenius (M. macrolepidotus, M. monteiri, M.
schilthuisiae, M. stanleyanus, M. greshoffii, M. moorii and
M. fuscus) out of the eight cited by Hanssens et al.
(2008), living together in Malebo Pool, which would
contribute to a better understanding of this high diversity
in this large section of the Congo River.

MATERIALS AND METHODS
Study sites

The study was conducted in Malebo Pool which is located on the
lower middle reaches of the Congo River between Kinshasa and
Brazzaville at 4°20' South latitude and 15°30' East longitude (Figure
1). It belongs to the ichthyo-geographic province of Congo (formerly
Zaire) which contains the entire Congo River basin, Lake
Tanganyika and Lake Kivu (Lévéque and Paugy, 2006).

Fish sampling and identification

The fish samples were collected using the passive gillnet fishing
technique organized once a month from July 2020 to June 2021,
during the dry and rainy seasons in six sites: Kabongo, Mipongo,
Molondo, Japon, Kingabwa and Kinsuka (Figure 1). To limit the
biasness of the selectivity of gillnets (Carvalho and Tejerina-Garro,
2015) a battery of nets with mesh sizes of 15, 25, 35, 50, 80 and
100 mm between nodes, 50 to 100 m long and 1 to 2 m high was
used. After every fishing campaign, Mormyridae fish were
separated from the other species and grouped by genus and
identified using the key of Stiassny et al. (2007). Species of the
genus Marcusenius were identified using the key of Boden (Decru
etal., 2016).
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Measurement of environmental variables

For every field trip, environmental factors were measured at each
station. The fishing stations were georeferenced using a Garmin
map 62 st GPS. Surface water temperature, pH, conductivity,
salinity and turbidity were measured in the field using a multi-
parameter Oyster series, pH/Conductivity/TDS/Salinity/ORP Meter
341350 A. Turbidity was measured using the Secchi disk. Water
depth was measured using the Math Dip device. Water current
velocity was measured by timing the movement of a 0.5 L plastic
bottle half full of water over a 7 m distance (Djidohokpin et al.,
2017). Dissolved oxygen was measured using the Dissolved
oxygen meter AZ 8403. Water samples were collected for the
laboratory analysis of Ca*, Mg*?, K*, SO,2, PO, and NOs using a
spectrometer Hach DR 2400.

Substrate analysis and characterisation of aquatic vegetation

Substrates collected from each station were sent to the University
of Kinshasa, Faculty of Agricultural Sciences’ soil laboratory for
particle size analysis based on Pauwels method (Mulaji et al.,
2016). 100 g of each dried sample was mechanically sieved from
different trunks. The quantity retained on every sieve was weighted
on a 0.0001 g precision analytical balance (Orhus®). The
characteristic plant species of every fishing site were collected and
identified based on the APG system (Angiosperm Phylogeny
Group) in collaboration with the botanists at the UNIKIN Herbarium.
Observation of the plant formations made it possible to establish
the list of species present in every site and quantitative evaluation
based on the scale of abundance-dominance of Braun-Blanquet
(Mucina et al., 2016). Subsequently, the abundance-dominance
coefficients of the dominant species (0; 1; 2; 3; 4 and 5)
corresponding respectively with a partial or total cover (< 1%, 1-
5%, 5-25%, 25 - 50%, 50 - 75%, 75 - 100%) were recorded using
Excel® file along with the other environmental parameters. The
resulting table was imported into Past Version 2.17c Software for
analysis.

Statistical processing
Canonical correspondence analysis

Canonical Correspondence Analysis was performed using Past
version 2.17c software in order to identify the stations that have
similar environmental features. These features can explain the
distribution of fish species of the genus Marcusenius in different
stations (Tessier et al., 2016).

Species diversity indices of Mormyridae and Marcusenius

At the end of every fishing campaign, the list of species of genus
Marcusenius caught including the total number of fish was
established. To categorize this set of Marcusenius in Malebo Pool,
several diversity indices were evaluated. Shannon diversity index
"H™ (Tembeni et al., 2019) is expressed by the following relation:

X (R

i=1

ni = number of individuals of taxon i; N = total number of individuals
in the community. Equitability (E, R or J': Its mathematical
relationship is: E = H'/log.S. In this expression H' = Shannon index,
S = species richness (Tembeni et al., 2019).

According to Tshijik et al. (2016), this index can vary from 0to 1.

It is maximal when the species have identical abundances in the
population and minimal when a single species dominates the entire
population.

Regardless of the species richness, it is very helpful to compare
potential dominance between the stations and the sampling dates.
For this, the Simpson's diversity index is used:

D =X fi2.

Whereby fi = ni/N and N the total nhumber of ni individuals of the
given species. 1 stands for maximum diversity and 0 for minimum
diversity.

For the purpose of this study, these indices were calculated using
Past version 2.17c and Microsoft Excel 2010 software.

RESULTS

The results summarized in Table 1 show that the average
pH of the water varies between 6.2 and 6.8, and
temperature between 27.6 and 28.2 °C. The water depth
measured at the locations where the nets were set varied
from 219.1 + 32.0 to 416.5 £ 73.3 cm. Dissolved oxygen
varies between 5 -7 mg.l'l for Kabongo, Mipongo,
Japan, Molondo and Kingabwa stations, where water
current velocity varies between 0.20 and 0.38 m.s™. The
highest dissolved O, (8.03 mg.I") was recorded at
Kinsuka with water velocities around 0.45 m.s™
Substrate analysis showed that Kabongo, Mipongo and
Molondo stations are characterized by a high amount of
silt, plant debris and less sand compared to Japan and
Kingabwa stations. Kinsuka station is located on a
substrate composed of rocks, gravel and sand. The
results summarized in Table 2 showed that floristic
inventory carried out in the six fishing stations showed
the presence of 32 plant species belonging to 21 families.
Kabongo, Mipongo and Molondo stations were colonized
by Echinocloa pyramidalis, Cyclosorus gongylodes,
Salvinia molesta, Comelina diffusa and Ipomoea aquatic,
in addition to the species found in all the fishing stations.
Polygenum lanigerum, Eichhornia crassipes, Ludwigia
abissineca. Kingabwa and Japon stations were colonized
by Salvinia molesta, Alternanthera sessilis, and Cyperus
papyrus in addition to the species found in all the tations.
These plant formations are dominated by Echinocloa
pyramidalis and Eichhornia crassipes. The banks of
Kinsuka station were colonized by a special vegetation
formation dominated by the Pennisetum retens and
Ledermanniella tenuissima species. It was also
dominated by several other species identified in the other
stations: Pennisetum retens, Pennisetum nodiflorun,
Aechinomenum sensiva, Phyllanthus muellerianus and
Stachytarpheta indica. Total Marcusenius species
sample in Malebo Pool is shown in Table 3.

A total of 403 Marcusenius belonging to 7 species were
caught with gillnets in Molondo and Mipongo stations,
which are respectively the first and second most
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Table 1. Physico-chemical characteristics of the water (mean with standard deviation) and substrates (%) of the six Malebo Pool

fisheries stations.

Parameter/station Kabongo Mipongo Japon Molondo Kingabwa Kinsuka
Water temperature (°C) 27.9+1.2 27.6+0.9 28.2+1.1 28.1+1.3 27.7+1.1 28.2+0.9
pH 6.7£0.3 6.4+0.1 6.310.1 6.2+0.2 6.6+0.3 6.8+0.3
Conductivity (uS/cm a 25°c) 22.7+1.1 21.7x1.4 22.4x1.4 22.1+15 26.7+2.3 23.9+2.0
Salinity (mg.I™) 11.6+0.8 11.4+0.7 11.8+0.8 12.14+0.6 13.0£1.0 12.3+1.3
Turbidity (mg.I™) 14.9+0.9 13.2+1.0 13.6+1.6 14.4+1.1 14.5+1.02 14.1+0.8
Transparency (cm) 49.1+3.1 47.7£2.9 49.4+3.8 48.6+2.7 47.5+£2.2 48.5+£2.5
Depth (cm) 416.5£73.3 312.7+49.5 219.1+32.0 329.6x5 206.0+23.4 187.9+16.3
Water speed (m.s™) 0.38+ 0.04 0.25+0.02 0 .2740.02 0.20+0.04 0.29+0.03 0.45+0.02
Dissolved O (mg.I™) 7.40£0.50 6.11+0.54 5.9+048 5.97+0.58 6.07+0.54 8.03+0.60
Mg** (mg.I™h) 1.37+0.3 1.49+0.4 1.62+0.32 1.52+0.3 1.35+0.3 1.67+0.4
ca™ (mg.I" 0.1940.1 0.36+0.4 0.49+0.35 0.23+0.2 0.24+0.9 0.42+0.3
NO3 (mg.I™) 0.14+0.1 0.17+0.4 0.24+0.18 0.12+0.1 0.23+0.1 0.18+0.5
PO, (mg.I™) 1.1440.3 1.09+0.4 1.06+0.34 1.3040.2 1.37+0.4 1.31+0.3
S0,? (mg.I™) 1.02+0.4 1.25+0.6 1.1+0.58 0.59+0.3 0.92+0.6 1.23+0.5
Substrates (%) Kabongo Mipongo Japon Molondo Kingabwa Kinsuka
Plant debris 5.03 7.53 281 6.45 3.01 0.88
Sand 29.61 34.15 46.55 32.09 44.16 7.5
Silt 14.05 15.02 17.09 18.10 16.24 0
Clay 37.6 28.11 23.9 27.15 24.69 0
Vase 13.71 15.21 9.65 16.21 11.9 0
Gravel 0 0 0 0 0 2.3
Rock 0 0 0 0 0 89.32
Total 100.00 100.02 100.00 100.00 100.00 100.00

Table 2. Aquatic and semi-aquatic plant families and species identified in the six Malebo Pool fishing stations from July 2020 to June 2021.

No. Family Species Kabongo Mipongo Japon Molondo Kingabwa Kinsuka
1 Aracaceae Pistia stratiotes L. + + + + + +
Salvinia molesta D.S.Mitchell + + + + + -
Colocasia esculenta L. + - - + - -
2 Amarentaceae Alternanthera sessilis L.Peter + + + - + -
3 Asteraceae Ethulia conizoides L. + - - - - -
4 Boraginaceae Heliotropium indicum L. - - - - + -
5 Comelinaceae Comelina diffusa Burm. F. + - -
6 Convolvulaceae Ipomoea aquatica Forsk + + - -
7 Cyperaceae Cyperus divers L. - - - - + -
Cyperus papirus L. + - + - + -
Fimbristylis hispidule Vahl - - - - + -
8 Fabaceae Aechinomum sensitiva Swartz + - + - - +
Aeschynomene fluitans Peter + - -
9 Gisekiaceae Gisekia pharnaceiodes L. - + + - - -
10 Nymphaeaceae = Nymphaea lotus L. + - - + - -
11 Onacraceae Ludwigia abissineca A.Rich + + + + + +
Ludwigia leptocarpa (Nutt) H.Hara - - - + - -
Ludwigia gradifolia (Michx.)Greuter
& Burdet ) + . ) . }
12 Poaceae Echinocloa pyramidalis L. + + + + - -
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Table 2. Contd.

Leersia hexandra (Sw)
Pennisetum nodiflorum Franch.
Pennisetum retens L.
Panicum repens L.
13 Phyllanthaceae
14 Podostemaceae
15 Polygonaceae
16 Pontederiaceae
17 Rubiaceae
18 Sapndaceae
19 Selaginellaceae
20 Thelipteridaeae
21 Verbenaceae
Species by site
Families per site
Overalll species 32
Overall family 21

Polygonum lanigerum R. Br.
Eichhornia crassipes (Mart.) Solms
Oldenlandia affinis (Roem et Schult.)
Cardiospermum sp

Selaginella myosurus L.

Stachytarpheta indica (L.) Vahl

Phyllanthus muellerianus (Kunte) Exell
Ledermanniella tenuissima (Hauman) C.Cusset - - - - -

Cyclosorus gongylodes (Schkuhr) Link

- - - + - -
- - - - - +
- - - - - +
- - - - - +
- - - - - +

+
+ + + + + +
+ + + + + +
- + - - - -
+ . - -
- - + - -
+ - - - - -
- - - - - +
15 13 12 13 10 11
13 11 11 9 7 9

important in terms of number of specimens (119 and 93).
M. fuscus species were also found in the above
mentioned stations. M. monteiri species were caught in
three fishing stations, namely, Kabongo, Mipongo and
Molondo. Two specimens of M. stanleyanus were
collected in Kinsuka station. Diversity index values
calculated for Marcusenius species caught are listed in
Table 4 which also shows that Marcusenius fish species
were not evenly distributed in the stations studied. The
species diversity of Marcusenius in Kabongo, Mipongo,
Molondo Japon and Kingabwa stations, and the Simpson
index have values close to 1. These species have an
almost equal distribution in Mipongo, Molondo and
Kabongo (H' between 1.6 and 1.8) and an equal repair in
Japon and Kingabwa (H' around 1.5). For the Shanon
Diversity index, H' = 0 at Kinsuka with all the collected
specimens belonging to the M. stanleyanus species. The
Equitability index is also maximal in the five stations
mentioned with an identical abundance in the stand and
strong structural stability (values > 0.8) of the
communities. The correlation between environmental
features, bottom substrates and the presence of
Marcusenius species is visualized in Figure 2, which is a
representation of the environmental features of the six
fishing stations on both plans:

Cycl: Cyclosorus gongylodes
Lud: Ludwigia

Ech: Echinocloa pyramidalis
Eich: Eichhornia crassipes

Ipo: Ipomoea aquatica

Led: Ledermanniella tenuissima
Pen: Pennisetum

T°: temperature

pH: hydrogen potential

cond: electrical conductivity
Ppm: particles in suspension
Trans: transparency
Oxy: dissolved oxygen
K™: Potassium

ca’*: Calcium

Mg®*: Magnesium
PO4%: Phosphate
NO3’: Nitrate

S0472; Sulphate

Prof: depth

Vit: water current speed
Veg: plant debris

Sab: sand

Lim: silt

Arg: clay

Grav: gravel

Roc: rock

Sal: salinity

Kab: Kabongo

Kins: Kinsuka

Jap: Japan

Mol: Molondo

Mip: Mipongo

Kab: Kabongo

Kins: Kinsuka

Kinsuka station is positively correlated with axis 1 and is
different from the other stations by its rocky and gravelly
substrate associated with a plant formation dominated by
species of the genera Pennisetum and Ledermanniella;
high temperature and water velocity, and high O,
concentration. Kabongo station is positively correlated
with axis 1 because of its depth. Japon and Kingabwa
stations are negatively correlated with axis 1 for sand and
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Table 3. Overall of the seven Marcusenius species sample caught in gillnets in the six fishing stations in Malebo Pool from July 2020 to

June 2021.
Station

Species Kabongo Mipongo Molondo Japon Kingabwa  Kinsuka spgt?ihogns Abuifilg:llc\:/: (%)
M. schilthuisiae 9 21 25 8 20 0 83 20.6
M. stanleyanus 13 22 29 19 16 2 101 25.1
M. monteiri 22 14 18 0 0 0 54 134
M. macrolepidotus 8 13 21 15 17 0 74 18.4
M. greshoffii 6 9 8 11 5 0 39 9.6
M. moorii 2 8 14 8 10 0 42 10.4
M. fuscus 0 6 4 0 0 0 10 25
Total (%) 60 (14.9) 93 (23.1) 119 (29.5) 61(15.1) 68 (16.9) 2(0.5) 403 (100)

Table 4. Index values for Marcusenius species caught with gillnets at six stations in Malebo Pool from July

2020 to June 2021.

Index Kabongo Mipongo Molondo Japon Kingabwa Kinsuka
Taxa_S 6 7 7 5 5 1
Individuals 60 93 119 61 68 2
Simpson_1-D 0.77 0.83 0.82 0.78 0.77 0
Shannon_H’ 1.60 1.85 181 1.55 1.52 0
Equitability J 0.89 0.95 0.93 0.96 0.95 0

silt. Mipongo and Molondo stations are close and
negatively correlated with axis 1 for silt, plant debris, low
water velocity and less sand. Echinocloa and Eichhornia
dominated plant formations are all positively correlated
with axis 1 in the five stations other than Kinsuka. The
canonical correspondence analysis performed between
abiotic features, plant flora and species of the genus
Marcusenius is shown in Figure 3.

Representation of species and environmental features
of six fishing stations on both plans: M. monteiri, M.
stanleyanus, M. macrolepidotus and M. schilthuisiae, M.
fuscus, M. greshoffii and M. moorii species are negatively
correlated with axis 1 whose plant formations are
dominated by the Echinocloa pyramidalis and Eichhornia
crassipes species. These plant formations are fixed on
the bottom substrates, made up of plant debris, sand,
clay and mud.

DISCUSSION
Physico-chemical features of the water
Variation in mean water temperature can impact the

abundance and temporal distribution of fish species
(Mahamba et al., 2018). Mean temperatures measured

ranged from 27.6 to 28.2°C. Low temperatures were
recorded during the dry season and high temperatures
during the rainy season but do not justify a
heterogeneous distribution of Marcusenius species.
Generally, it is a small fluctuation of the water
temperature under the influence of the air temperature.
The pH measured in all the stations is slightly acidic and
close to neutral. It varies from 6.2 to 6.8. The lowest
values were recorded in Molondo station, while the
highest values were recorded in Kinsuka. This is probably
due to the proximity between Molondo station and
Mbamu Island with a forest flap and the dead leaves
could lower the pH and produce macro invertebrates
which some Marcusenius species consume. On the
contrary, the slightly higher values observed in Kinsuka
could be related to the enormous wastes from NDjili
River, Funa River and the industries close to the
Kingabwa fishing station presented in Figure 1. It is also
the reason electrical conductivity of these waters in
Kingabwa is slightly higher (26.7 pS.cm™) compared to
Molondo and Mipongo stations (22.1 uS.cm™). Given that
dissolved oxygen is an ecological factor that can impact
the distribution of Mormyridae fish, its variation impacts
the species distribution (Tessier et al., 2016). Dissolved
O, values measured at all stations varied between 5.9 - 8
mg.I"*, but the highest values were observed in Kinsuka.
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Figure 2. Canonical correspondence analysis plot of environmental features and
Marcusenius fishing stations at Malebo Pool.

sch: M. schilthuisiae, sta: M. stanleyanus mo: M. monteiri, ma: M. macrolepidotus, gr: M.
greshoffii, moor: M. moorii, fus: M. fuscus, Cycl: Cyclosorus gongylodes, Lud: Ludwigia, Ech:
Echinocloa pyramidalis, Eich: Eichhornia crassipes, Ipo: Ipomoea aquatic, Led:
Ledermanniella tenuissima, Pen: Pennisetum. T°: Temperature, pH: hydrogen potential,
cond: electrical conductivity, Ppm: particles in suspension, Trans: transparency, OXxy:
dissolved oxygen, K*: potassium, Ca®": calcium, Mg*": magnesium, PO,*: phosphate, NO*:
nitrate, SO,™“: sulphate, Prof: depth, Vit: water current speed, Veg: plant debris, Sab: sand,
Lim: silt, Arg: clay, Grav: gravel, Roc: rock, Sal: salinity, Kab: Kabongo, Kins: Kinsuka, Jap:

Japon, Mo: Molondo, Mip: Mipongo.

This station is characterized by high water velocity (0.45
m.s’), favouring water mixing and very good
oxygenation. The greatest depths were recorded in
Kabongo, Molondo and Mipongo. Shallow depths were
recorded in Kinkole, Kingabwa and Kinsuka. These
depths impacted the distribution of specimens in the
different fishing stations. Small specimens were caught at
shallow depths while large specimens at high depths.
Water current speed is undoubtedly one of the essential
features underlying the plant and animal population
distribution (Mahamba et al., 2017).

Habitat features
The five stations located upstream and in the middle of

the pool are characterized by weak water current, plant
formations with predominantly Echinocloa pyramidalis

and Eichhornia crassipes; and substrates consisting of
silt, plant debris, clay and silt. Distinctively, Kinsuka
station has high-water current, plant formation with
predominantly Penisetum and Ledermanniella; a rocky,
gravelly and sandy substrate. The nature of this substrate
was also observed by Pwema et al. (2011). Vegetation
plays an important ecological role in the formation of
micro-habitats, substrate modification and maintenance
of physico-chemical features. These micro-habitats are
resources for invertebrate development, the main food for
Mormyridae fishes (Tessier et al., 2016) and Mahamba et
al., 2017).

Distribution of Marcusenius in Malebo Pool habitats

Concerning the distribution of the seven Marcusenius spp
in the pool, results showed that they are not uniform. This
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Figure 3. Canonical correspondence analysis plot of environmental features, fishing
stations and Marcusenius presence at Malebo Pool.

sch: M. schilthuisiae, sta: M. stanleyanus mo: M. monteiri, ma: M. macrolepidotus, gr: M.
greshoffii, moor: M. moorii, fus: M. fuscus, Cycl: Cyclosorus gongylodes, Lud: Ludwigia,
Ech: Echinocloa pyramidalis, Eich: Eichhornia crassipes, Ipo: Ipomoea aquatic, Led:
Ledermanniella tenuissima, Pen: Pennisetum. T°: Temperature, pH: hydrogen potential,
cond: electrical conductivity, Ppm: particles in suspension, Trans: transparency, OXxy:
dissolved oxygen, K*: potassium, Ca®": calcium, Mg?*: magnesium, PO,*: phosphate,
NO®*: nitrate, SO, sulphate, Prof: depth, Vit: water current speed, Veg: plant debris,
Sab: sand, Lim: silt, Arg: clay, Grav: gravel, Roc: rock, Sal: salinity, Kab: Kabongo, Kins:
Kinsuka, Jap: Japon, Mo: Molondo, Mip: Mipongo.

seems to be influenced by environmental features that
characterize each site. Hence, according to these
features, Malebo Pool ecosystem is subdivided into two
sub-systems:

1. The lentic environment which includes Kabongo,
Kinkole, Kingabwa, Mipongo and Molondo stations. This
sub-system is characterized by weak water currents,
muddy substrate, less sand and clay, and vegetation
dominated by Echinocloa and Eichhornia. The nature of
the bottom substrates impacts the distribution of plant
formations which characterizes each station; it depends
on these habitats and constitutes essential food
resources for Marcusenius spp. Marcusenius prefer and
live in this lentic subsystem of Malebo Pool. These
stations are also characterised by dark waters with low

transparency and mud with plant debris. These results
agree with those of Stiassny et al. (2007) and Decru et al.
(2019) that Mormyridae are nocturnal and generally live
in dark, muddy, turbid waters.

2. The lotic environment located downstream of Malebo
Pool includes Kinsuka station. It is characterized by high-
water velocity, rocky substrate associated with poor flora.
These features are probably the basis for the scarcity of
Marcusenius species in the lotic subsystem of Kinsuka.

Marcusenius can thrive in a variety of environments
(lakes, rivers, streams) with a preference for the lotic
environment from which they originate (Hopkins, 1986);
these environments provide the necessary habitat and
food resources for their survival. In Malebo Pool, the lotic
environment (Kinsuka site) is made up of habitats where
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the substrate does not favour the development of
vegetation under which prey can grow. That is why these
fishes live in specific types of environment.

Conclusion

The analysis of the correlation between the characteristic
environmental features of the six fishing stations in
Malebo Pool and the seven species of fish of the genus
Marcusenius investigated showed that the six fishing
stations are divided into two groups based on the
similarity of the environmental features analysed. These
two groups differ from one another by the nature of
substrate, characteristics of plant formations and speed
of water current. These distinctive features affect the
distribution and abundance of the seven Marcusenius
species found in Malebo Pool.
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Namibia is a semi-arid country with erratic and unpredictable rainfall. Extreme weather patterns,
such as floods and extensive droughts, have become more common in recent years, with strong
impact on surface and ground water availability, rangeland and agricultural productivity, food
security, and further land degradation, such as bush encroachment or soil erosion. The previous 10
years were characterized by a perennial drought that lasted from 2013 to 2016 and an extreme
drought that occurred during the rainy season of 2018/2019, which was the driest in 90 years. In
January 2021, however, rainfall totals doubled to tripled the norm. The paper compares five drought
indices in order to identify, visualize, monitor, and better understand the nature, characteristics, and
spatial-temporal patterns of drought in northern and central Namibia. Based on their sensitivity to
vegetation greenness, land surface temperature, evapotranspiration, and precipitation, the indices
allow for calculation, time series analysis, and cross-comparison. Droughts occur every year, but
the intensity of the drought varies depending on the index type. It is concluded that a comparative
analysis of multiple indices provides a better interpretation of drought than single parameter
systems. Future research should include biophysical properties such as soil characteristics, soil
moisture, and hydrology, as well as socioeconomic studies, in order to develop an integrated
drought index for northern Namibia.

Key words: Remote sensing, moderate resolution imaging spectroradiometer (MODIS), drought indices,
time series analysis, climate reanalysis, Namibia.

INTRODUCTION

Droughts are  extreme climate  phenomena
characterized by significantly lower than normal
precipitation levels over a prolonged period of time,
resulting in water scarcity (Haroon etal., 2016;
Mishra and Singh, 2010). These recurring natural
hazards occur worldwide, cause hydrological
imbalances, and can have serious negative impacts in

*Corresponding author. E-mail: daniel.wyss@uni-goettingen.de.

many sectors of society if the conditions persist for an
extended period of time (Tadesse, 2016). Climate
change has resulted in a significant increase in mean
global surface temperatures, resulting in extreme
climatic conditions such as droughts caused by low
precipitation over months or years in a specific area
(Vallejo Orti and Negussie, 2019). These natural
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disasters affect millions of people in Sub-Saharan
Africa, causing malnutrition, water scarcity, and
increased urbanization as a result of increased rural-
urban migration. The same is true for Namibian rural
communities that rely primarily on subsistence
agriculture and livestock farming. The expected
increase in exceptional droughts as a result of late and
poor rainfall performance will have a significant impact
on agricultural productivity, grazing capacity, and water
availability, with serious consequences for rural health
and household food security.

Precipitation is one of the most important parameters
for determining water availability and the likelihood of
drought. Namibia's annual rainfall shows a distinct
gradient from north (~600 mm) to south (~300 mm) due
to its location within the subtropical high-pressure zone.
There is also a distinct precipitation gradient from the
coast to the north-eastern parts of the country, ranging
from 25 mm in the southwest to 700 mm in the northern
Zambezi region. During the rainy season (October to
April), the country is characterized by long dry periods
and short episodes of abundant and highly erratic
rainfall caused by a shift in the ITC zone or by the
periodic El Nio- and La Nia-Phenomena (Mendelsohn,
2009). These phenomena are expected to cause
agricultural drought every three years, as well as
decennial flood events. Rainfall is expected to fall
across the country, particularly in the central and
northwest. Furthermore, temperatures are expected to
rise (Orti und Negussie, 2019). The National Climate
Change Strategies and Action Plan 2013-2020 also
confirms an increase in prolonged and more severe
droughts and floods, with an expected decline in soil
moisture, increased evapotranspiration, low
groundwater recharge, and decreased water availability
in both quantity and quality.

According to FloodList Namibia (www.floodlist.com),
severe flooding events, particularly in the Cuvelai-
Etosha-Basin, were recorded in 2011, 2013, 2014,
2020, and 2021. Between 2013 and 2016, a persistent
meteorological drought phase occurred, culminating in
an extreme drought during the 2018/2019 rainy season.
Windhoek received the least amount of rain in 2019
since 1891, and Namibia received the least amount of
rain in 90 years. The drought affected over 500,000
Namibians, killed over 60,000 livestock, and left
residents facing food insecurity and water shortages
(Shikangalah, 2020). In contrast, January 2021 saw the
highest rainfall totals since the rainy season of
2010/2011, with precipitation reaching a country-wide
average of 268 mm (NOAA Climate prediction center),
with extreme rainfall events in Namibia's north-eastern,
central, and southern regions.

Proposed strategies to mitigate these impacts,
according to the National Climate Change Strategies
and Action Plan, include improving understanding of
climate change and related policy responses, using
monitoring and data collection technologies for surface
and ground water at the basin/watershed level, and
promoting conservation and sustainable use of water
resources (Rensburg and Totajada, 2021).

Drought monitoring is an important task for guiding

appropriate response measures by monitoring the
changing dynamics of soil, water, and vegetation cover.
Early detection of droughts has the potential to mitigate
negative effects on water resources and the agricultural
sector. Drought detection is possible using satellite
imagery and derived products at various resolutions,
allowing for detailed as well as supra-regional time
series analysis and monitoring. Understanding the
interaction of environmental parameters and vegetation
cover is critical for planning and management,
particularly in more sensitive semi-arid regions where
extensive research has been conducted in recent years
(Sandeep et al., 2020; Sardooi et al., 2021; Angearu et
al., 2020; Vova et al., 2019). Droughts are typically
classified into four types: (1) Meteorological droughts
characterized by precipitation deficits; (2) Agricultural
droughts characterized by reduced crop production and
availability of forage for livestock due to unreliable
rainfall and soil moisture deficits (Dalezios et al., 2017;
Gidey et al.,, 2018); (3) Hydrological droughts
characterized by low stream flow and ground water
levels; and (4) Socioeconomic droughts characterized
by water supply and social response (Keyantash and
Dracup, 2002; AghaKouchak et al., 2015). Droughts
can be measured in terms of their onset, extent,
duration, and magnitude (Kogan, 1995), but the spatial
and temporal variability of each event is difficult to
quantify. Drought is also a very complex phenomenon
that is dependent on various interactions of hydrological
parameters such as precipitation, evapotranspiration,
runoff, infiltration, surface and groundwater storages
(Kim et al., 2017).

There are numerous methods for mapping and
monitoring drought based on more than 100 existing
drought indicators (selected indices are presented in
Table 1). This makes choosing the right indicator for a
specific situation or region extremely difficult. Most
drought indicators have a limited scope, focusing on
individual indicators that show comparable signals
(Naumann et al, 2014) and thus ignoring other
important determinants.

Although precipitation, as measured by the derived
Standardized Precipitation Index (SPIl) or the
Standardized Precipitation Evapotranspiration Index
(SPEI), is the best observed variable for characterizing
meteorological drought on a variety of timescales
(Angearu et al, 2020), it cannot adequately
characterize drought conditions in specific study areas.
Soil moisture, land surface temperature,
evapotranspiration, greenness-based indices, and
socioeconomic indicators must also be considered, as
they can meaningfully supplement each other (Du et
al., 2018; Luetkemeier et al., 2017; Zargar et al., 2011;
Mukherjee et al., 2018). The Normalised Difference
Vegetation Index (NDVI) is a commonly used index for
drought  monitoring, particularly in  semi-arid
environments with less than 30% vegetation cover
(Sandeep et al.,, 2020). Gross Primary Production
(GPP), Leaf Area Index (LAIl), Vegetation Condition
Index (VCI), and Enhanced Vegetation Index (EVI) are
other commonly used indices (EVI) (West et al., 2019).

Different institutions in Namibia coordinate early
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Table 1. Selection of globally used drought indices.

S/N  Conventional data-based drought indices

Corn Drought Index (CDI)
Crop Moisture Index (CMI)

Computed Soil Moisture
Agro-Hydro Potential

PN PO A ©OONOO A WN =

Crop Specific Drought Index

Evapotranspiration Deficit Index (ETDI)

Global Vegetation Water Moisture Index (GVWI)
Leaf Water Content Index (LWCI)

Moisture Availability Index (MAI)

Reclamation Drought Index (RDI)

Soil Moisture Anomaly Index (SMAI)

Soil Moisture Deficit Index (SMDI)

Soil Moisture Drought Index (SMDI)
Standardized Vegetation Index (SVI)

Agricultural Drought Index (DTx)
Bhalme-Mooley Drought Index (BMDI)

Satellite data-based drought indices

Deviation NDVI index

O N O WN -

N
PN~ O©

Normalized Difference Vegetation Index (NDVI) (Tucker, 1979)

Enhanced Vegetation Index (EVI)

Vegetation Condition Index (VCI) (Kogan, 1995)
Monthly Vegetation Condition Index (Kogan, 1995)
Temperature Condition Index (TCI) (Kogan, 1995)
Vegetation Health Index (VHI)

Normalized Difference Temperature Index (NDTI)
Crop Water Stress Index (CWSI)

Drought Severity Index (DSI)

Temperature- Vegetation Dryness Index (TVDI)
Normalized Difference Water Index (NDWI)
Remote Sensing Drought Risk Index (RDRI)
Vegetation Drought Response Index (VegDRI)

warning and drought monitoring, including the Ministry
of Agriculture, Water and Forestry (MAWF), Namibia
Meteorological Services (NMS), and the Directorate of
Disaster Risk Management, which report on agricultural
productivity, livestock and pasture conditions,
household food security, water availability, seasonal
rainfall outlooks, and drought-affected geographic
areas. Despite previous severe droughts, research on
the use of remotely sensed indices for drought

monitoring in Namibia remains limited. A study
presented through the CuveWaters project that
presents a blended drought index (BDI) as an

integrated tool for drought impact estimation in the
semi-arid Cuvelai-Basin of Angola and Namibia is an
exception. It takes into account meteorological and
agricultural droughts, as well as the population's
sensitivities and coping abilities (Luetkemeier et al.,
2017). A paper on precipitation and vegetation
correlation analysis using SPI and SVI (Standardized
Vegetation Index) indices to assess long-term climate
and vegetation changes for Namibia was recently

published (Liu and Zhou, 2021). Other publications
concentrate on policies and social impacts of drought
that is, the assessment of the 2015-2017 droughts in
Windhoek from the perspective of drought management
and governance (Rensburg and Tortajada, 2021). The
existing rangeland monitoring project in Namibia is a
first step toward an integrated Drought Monitoring
System (DMS), with the goal of developing and testing
a rangeland early warning and monitoring system for
improved decision making with selected farming
communities, ranchers, and other stakeholders
(Namibia-rangelands.com). The project, which has
been in operation since 2015, was funded by the
European Union's Climate Change Adaptation and
Mitigation program.

During the rainy season, it provides drought maps on
a national and regional scale every 10 days. These are
solely based on the NDVI vegetation product from the
MODIS (Moderate Resolution Imaging
Spectroradiometer), including NDVI deviation from
mean and VCI. In addition, useful tools such as
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Figure 1. Study area and land cover based on ESA Copernicus Global Land Service in a 100 m spatial resolution
containing 25 km grid points for further spatial and statistical analysis of drought index values.

regional greenness statistics or a fodder flow planer, to
estimate herbaceous biomass available at the end of
the rainy season, are provided. An additional useful tool
to monitor droughts on a supra-regional level is the
operational African Drought and Flood Monitor (ADFM),
which was developed by UNESCO and Princeton
University (US) in 2011. The ADFM monitors and
forecasts meteorological and hydrological drought
using merged reanalysis and observational in-situ
meteorological data, providing a hydrological modeling
platform and accompanying web-based user interface.
In the meantime, a more tailored, national version of
the Monitor has been developed for Namibia to
strengthen flood and drought risk management in the
country. To address disaster risk reduction, a first
participatory workshop on flood and drought monitoring
was held in July 2021. The web application provides
real-time meteorological parameters but is limited to
macroscale analysis due to the relatively low spatial
resolution of five kilometers. There have been no
published studies comparing MODIS-based drought
indices. To fill this void, this study compares five
MODIS-based drought indices over the last decade to
visualize and quantify spatiotemporal drought dynamics
and affected areas. These include NDVI-based indices
as well as combined indices that incorporate MODIS
evapotranspiration and temperature data. The cross-
correlation of selected indices and their comparison to

climate reanalysis data is a novel application for
northern and central Namibia, which are characterized
by semi-arid conditions and a highly erratic rainfall
regime.

Study area

Figure 1 shows the study area from 16 to 26° longitude
and 20 to 17° latitude. The total area is approximately
670.000 km? and it includes some of Namibia’s
northern communal regions (Oshana, Oshikoto,
Kavango and Zambezi), where subsistence agriculture
is predominant, the Otjozondjupa Region, and parts of
the Erongo, Kunene, Omaheke, and Khomas Regions
of central Namibia. The rectangular extent of the study
area also includes parts of Angola (Cubango region),
as well as Botswana (Northwest, Chobe, Ghanzi and
Central regions), covering various landscapes and
allowing for cross-boundary analysis. According to
Mendelsohn’s Atlas of Namibia (2009), the chosen
extent covers six predominant landscapes of Namibia:
The Kamanjab Plateau, Karstfeld, the Cuvelai System
with the Etosha salt pan, Central Western Plains,
Kalahari Sandvelt and the Caprivi Floodplains (from
West to East), including catchments of the Okavango
river shared between Angola, Namibia, and Botswana,
and the Omuramba-Omatako rivers stretching from
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Mean Monthly Precipitation based on CHIRPS Rainfall Data
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Figure 2. Mean monthly precipitation based on CHIRPS (Climate Hazards Group InfraRed Precipitation) rainfall

estimates.

north-eastern to  central Namibia.  Prominent
landscapes of Botswana include the Okavango delta
and the Makadikgadi salt pans situated in dry savanna
southeast of the Okavango delta. The area is generally
sparsely populated but includes areas of high
population density, especially within the northern
Omusati, Oshana and Ohangwena regions. Apart from
Windhoek (Khomas region), larger towns with a
population of ~60 thousand are Rundu and Maun.
Oshakati, Katima Mulilo, Otjiwarongo and Tsumeb have
population numbers between 20 and 40 thousand
(Republic of Botswana, 2012; Namibia Statistics
Agency, 2012).

The rainfall gradient of the study area from northeast
to southwest has an effect on the vegetation structure.
The vegetation is primarily tree and shrub savanna. In
the north, open woodlands give way to shrubland-
woodland mosaics in the east and dense shrub lands in
the center. The land cover classification depicted in
Figure 1 is based on a subset of ESA Copernicus
Global Land Service data at a resolution of 100m
[Buchhorn et al.,, 2020], and it depicts primarily
shrubland with open forests in the north, as well as
wetlands (Zambezi, Okavango delta) and herbaceous
vegetation surrounding the Etosha and Makadikgadi
salt pans. Open woodland accounts for approximately
16% of the total area, while shrub land accounts for
74%. The remaining 10% is divided into wetland (2%),
bare land (1.5%), and herbaceous vegetation (5%),
with cultivated and urban areas accounting for only 1.5
percent of the total. The study area is also divided into
a 25km grid with centroids per grid cell for further
spatial and statistical analysis via index value
extraction.

Figure 2 illustrates the highly variable amounts of
precipitation in the study area over a 30-year time
period (1981 to 2021) using CHIRPS (Climate Hazards
Group Infrared Precipitation) global rainfall data at 1-

month temporal resolution based on rainfall estimates
from gauge and satellite observations (Funk et al.,
2015). The graph covers the time-period from 1981 to
2021, and clearly indicates the perennial meteorological
drought conditions during the rainy seasons (October
until April) of 2012/13 to 2015/16, as well as the
extreme drought season of 2018/19, with a mean
precipitation of only 175 mm. Dryer conditions can also
be observed in the early 1980’s (1981 to 1987). The
2019/2020 season had higher mean rainfall values (285
mm), which increased significantly to 430 mm in
2020/21, according to CHIRPS data. Other seasons
with above-average rainfall amounts include 2010/2011
with 480 mm and 2005/2006 with a maximum of 613
mm.

The data were accessed using Google Earth Engine
(GEE) and a JavaScript provided by the UN-Spider
knowledge portal (www.un-spider.org), which allows for
the estimation of rainfall variations in space and time as
a key component of drought early warning and
environmental monitoring. In recent years, the CHIRPS
dataset has been used as a replacement for ground-
based precipitation data (Rivera et al., 2019; Gao et al.,
2018).

DATA AND METHODS

A network of Southern African Science Service Centre for
Climate Change and Adaptive Land Management (SASSCAL)
weather stations was initiated in 2009/2010 to record spatial
climatic variability throughout the SADC region. These provide
valuable in-situ measurements of climatic variables but lack
consistency in respect to measurement data due to different
implementation dates, missing values, and sparse spatial
coverage. The same applies to the meteorological data provided
by the Ministry of Environment and Tourism (MET) in Namibia.
For time series analysis, meteorological data in adequate spatial
and timely resolution is necessary. As such, this study
incorporates precipitation reanalysis data for later cross-
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comparison with derived drought indices. There are numerous
global reanalysis rainfall datasets available. The Copernicus
Climate Change Service, in addition to CHIRPS, GPCC (Global
Precipitation  Climatology Centre), MERRA (Modern-Era
Retrospective Analysis for Research and Applications), and
TerraClimate, provides ERA-5 data produced by the European
Centre for Medium-Range Weather Forecasts (ECMWF). The
ERA-5 data sets provide climatic variables in a 0.25° resolution.
All four datasets show good levels of correlation and also
correlate well with data provided through the operational
SASSCAL weather stations (Karnagel, 2020; Engelhardt, 2021).
ERA-5 showed the highest overall correlation and has therefore
been used for further analysis. ERA-5 monthly averaged
precipitation data was downloaded from the Copernicus Climate
Data Store (CDS) and processed as NetCDF (Network Common
Data Form) multidimensional data to produce seasonal rainfall
composites for the past 10 years (2011 to 2021).

Drought indices were calculated using MODIS spectral
reflectance imagery and pre-processed data products. The
MODIS instrument, which is installed on the American Terra and
Aqua earth observation satellites, has a viewing swath of 2,330
km and a high temporal resolution, acquiring imagery every one
to two days. (Thenkabail et al., 2004). The sensor serves as a
successor to the Advanced Very High-Resolution Radiometer
(AVHRR) to monitor terrestrial ecosystems for the National
Aeronautics and Space Administration (NASA), and acquires
data in 36 spectral bands with spatial resolutions between 250 m
and 1 km (Persendt, 2009).

The products are distributed through the Land Processes
Distributed Active Archive Center (LP DAAC) in various
processing levels and generally utilize the sinusoidal grid tiling
system. The following MODIS products were processed using
MODIStsp, which is an R-package allowing automated download
and pre-processing (mosaicking, sub-setting and reprojection) of
single MODIS tiles to produce time series of MODIS land
products. For the past 20 years (2001 to 2021), products were
processed for the growing season (November to April) and re-
sampled to a common spatial resolution of 500 m and re-
projected to a Geographic Coordinate System (GCS, WGS 84).

1. Vegetation Indices product (16-Day composite, 500 m spatial
resolution, MOD13A1);

2. Land Surface Temperature product (8-day composite, 1 km
spatial resolution, MOD11A2);

3. Net Evapotranspiration product (8-day composite, 500 m
spatial resolution, MOD16A2);

4. Surface Reflectance product (8-Day composite 500 m spatial
resolution, MOD09A1).

The Vegetation Indices (VI) product includes seven bands, with
different waveband centres, as well as already computed indices
(e.g. NDVI and the Enhanced Vegetation Index - EVI) based on
algorithms for the best available pixel values without clouds.
These can potentially link climate changes (e.g. increasing
frequency and severity of drought) and vegetation responses to
land-atmosphere water, carbon, and energy fluxes (Huete et al.,
2011). The Land Surface Temperature (LST) product contains
averaged LST and emissivity values that are generated from the
thermal infrared bands (Hulley et al., 2016). LST is an important
environmental variable in drought monitoring, and when
combined with NDVI, valuable information for describing
agricultural drought for early warning systems can be derived
(Zhang et al., 2017). The Net Evapotranspiration (ET) product
uses the Penman-Monteith equation to calculate
evapotranspiration and contains the sum of lost water due to
evaporation from the soil surface and transpiration from plants
growing on it over an eight-day period in kg per m?Z. The product
also contains Potential Evapotranspiration (PET), indicating the
amount of evaporation in kg per m? that would occur if a sufficient
water source would be available. The ratio of ET to potential ET
(PET) is commonly used as an indicator of terrestrial water
availability and associated wetness or drought
(Running et al., 2019).

In addition, Surface Reflectance products (SF) were
downloaded and processed to create MODIS composite images
for selected rainy seasons. Figure 3 shows selected MODIS false
natural color composites based on 8-day MODIS surface
reflectance products in a 500 m spatial resolution. The
composites for the past three growing seasons, 2018/2019 to
2020/2021, are compared to NDVI deviation maps from long-term
mean values, clearly showing the spatial-temporal patterns of
vegetation health in the study area. During the 2018/2019
extreme drought season, vegetation stress is clearly visible,
affecting riparian vegetation along the Okavango delta's fringes
as well as shrub savanna in central Namibia (Otjizondjupa and
Khomas regions) south of the Etosha salt pan. Increased
precipitation during the following growing seasons results in a
constant greening of vegetation, as well as the ephemeral
transformation of dry salt pans into wet landscapes covered by a
thin layer of water. Figure 4 depicts some of the MODIS
composite products that were used in this study to calculate
drought indices.

The value range of NDVI is generally -1 to 1 with negative
values corresponding to water, values close to zero
corresponding to barren areas, while high values indicate
temperate and tropical rain forests (www.usgs.gov). Mean NDVI
values for the study area show a constant increase from 0.37 in
2018/2019 to 0.42 in 2019/2020 and 0.49 in 2020/21,
respectively. Maximum mean values of > 0.7 are typically found
in the Okavango Delta, in the northern open forests, and the
Zambezi region, while salt pans (bare land) and herbaceous
vegetation indicate lowest mean NDVI values with a minimum
value of -0.03 in 2018/2019. Mean LST values have decreased
from 40°C in 2018/19 to 33°C in 2020/21, with a maximum value
of 52°C indicating a typical negative correlation between NDVI
and LST.

Mean ET values increase with vegetation greenness and
moisture content and positively correlate with NDVI. ET increased
from 5.4 kg per m? in 2018/2019 to 16.2 kg per m? in 2020/21,
with @ maximum value of 45 kg per m2. NDVI, LST and ET follow
distinct spatial patterns, with the lowest NDVI and ET values and
the highest LST values in the central region of Botswana, as well
as in Erongo, Oshakati, and Oshana regions of Namibia. The
above products yielded five widely used drought indices. These
include the greenness-based Vegetation Condition Index (VCI),
the temperature-based Temperature Condition Index (TCI) as
well as the combined indices: Vegetation Health Index (VHI),
Drought Severity Index (DSI), and the Temperature Vegetation
Dryness Index (TVDI). Apart from TVDI, all indices are computed
in a similar way by comparing a current time stamp such as a
month or season with mean, minimum or maximum values of the
total time series. The time series within this study is based on
mean NDVI, LST and ET/PET values covering a 20-year time
period (2001 until 2021) concentrating on annual growing
seasons from November until April. VCI, VHI and DSI include the
MODIS NDVI product which was developed by Tucker in 1979.
NDVI is used to assess the vitality and expression of vegetation
and is formed through the quotient of spectral reflectance
measurements acquired in the visible red (Ared) and near-infrared
regions (ANIR). The calculation assumes that radiation in Ared is
strongly absorbed by vegetation chlorophyll and radiation in ANIR
is strongly reflected by healthy vegetation. As vegetation vitality
decreases, reflection increases in the Ared spectral range and
decreases in ANIR. NDVI is calculated as follows (Thenkabail et
al., 2004):

ANIR — Ared

NDVI = SRIR + Ared

VCI was suggested by Kogan in 1995 and calculates the impacts
of drought on vegetation and its severity by noting vegetation
changes and comparing them with historical minimum and
maximum NDVI values. Low index values indicate stressed
vegetation, with NDVI close to its long-term minimum, and high
values representing above normal conditions, indicating healthy
vegetation conditions (Anyamba and Tucker, 2012). A threshold
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MODIS NDVI Deviation from Mean

Figure 3. Comparison of MODIS rainy season image composites based on 8-day MODIS Surface
Reflectance products as ‘False Natural Color' representations (left) and MODIS NDVI 500 m
deviation from mean products based on a 20-year NDVI time series.

of 40% is used to identify droughts (Winkler et al., 2017) after
calculating VCI as shown:

NDVI = NDVIy
vel = *100
NDVIngx — NDVingin

Over the years, several indices based on satellite thermal infrared
(TIR) data have been developed, such as TCI, which works
similarly to VCI but uses LST data as input, and TVDI, which is
discussed further below. The index can be used to determine
temperature related vegetation stress and estimate soil moisture
content. TCI identifies vegetation stress caused by high
temperature, as well as excessive wetness. Low TCI values
indicate hot weather and, over a longer period, they indicate
droughts (Karnieli et al., 2006). LST is computed from thermal
infrared (TIR), bands providing a direct measure of surface
temperature and an indirect estimate of moisture availability
(Du et al., 2018). The same threshold value as VCI is used to
identify droughts. The index is produced using the formula:

LSTy oy — LST
TCl = —mx — =27 100
LSTye — LT

VHI is a widely used remote sensing-based agricultural drought
index designed as the weighted sum of VCI and TCI. It is
considered as a robust index, especially for arid, semi-arid, and
sub-humid climatic regions (Gidey et al., 2018). The first
component characterizes moisture conditions and is typically
based on information from the visible and near infra-red windows
of the electromagnetic spectrum, whereas the latter characterizes
the thermal condition and is based on information from the
thermal infra-red window. The combination of both indices
represents overall vegetation health and has a stronger
relationship with soil moisture than VCI or TCI alone. The index

should only be used if NDVI and LST correlate negatively
(Karnieli et al., 2010). The inverse correlation indicates that
vegetation cover reduces LST and increases the ratio of
LST/NDVI during drought [Solangi et al., 2019]. The optimal
weights for VCI and TCI are typically unknown, and VHI is
typically estimated by assuming equal weights of 0.5 for both
components. Droughts are identified using the same threshold
value as VCl and TCI:

VHI = 0.5 % VCI 4+ (1 —0.5) * TCI

The DSI, developed by MU et al. (2013), is a standardized index
that has proven to be reliable for studying agricultural droughts as
well as identifying meteorological droughts (Khan and Gilani,
2021). The index uses the ratio of ET and PET products including
standardized NDVI values (Haroon et al., 2016). The ratio of ET
to PET is used as an indicator of terrestrial water availability
indicating particularly wet or dry conditions, but is also related to
carbon and energy cycles of the land surface and can thus be
used to assess vegetation response to drought. To obtain
normalized Z-values for each rainy season, the mean values (M)
and standard deviations (SD) of the ET/PET (Z1) and NDVI (Z2)
ratios were calculated for the entire time series. The DSI was
then calculated by combining the Z of each rainy season with the
mean and standard deviations of the Z of the entire time series:

ET _ ET
_ PET _PETu
1= =
PETsp
NDVI — NDVI,,
2=—_—"M

NDVIq,

Z=71+72
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Figure 4. Comparison of mean MODIS NDVI values indicating values between 0 and 1 (left), LST with values
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The index is dimensionless and thus has an infinite positive and
negative range of values. Negative values represent drier than
normal conditions, whereas positive values indicate wetter
conditions. Thresholds of less than or equal to -1.5 characterize
extremely dry conditions, and thresholds greater than or equal to
1.5 show extremely wet conditions (Mu et al., 2013).

TVDI is a simplified temperature vegetation dryness index
which has been commonly implemented to estimate regional soil
moisture in arid and semi-arid regions (Tao, 2021). The index is
determined by the relationship between the NDVI and LST values
for the same pixel.

TVDI = Ts — Tsmin
" Tsmax — Tsmin

Tsmax and Tsmin can be represented by a straight-line
relationship of temperature and NDVI, and can be drawn in a
scatterplot, in which minimum LST values represent the wet edge
and maximum LST values represent the dry edge (Sandholt et
al., 2002). To obtain these values, the minimum and maximum
temperatures of the study area are calculated for each growing
season and then related to NDVI. The regression constant a and
regression coefficient b are calculated for both minimum and
maximum temperatures in conjunction with the average NDVI for
the growing season (Ali et al., 2019). According to Lu et al.
(2007), the TVDI value range is 0 to 1 and is divided into five
classes: wet (0-0.2), average (0.2-0.4), mild drought (0.4-0.6),
moderate drought (0.6-0.8), and severe drought (0.8-1.0).

Tsmax = al + bl = NDVI
Tsmin = a2 + b2 * NDVI

RESULTS

SPI is a widely used index to characterize

meteorological drought and is recommended by the
World Meteorological Organization (WMO). SPI is
simple to calculate since it is solely based on
precipitation data. Long-term precipitation records of 20
to 30 years are compared to the current rainfall of any
location or region producing a standardized deviation
from normal (McKee et al., 1993). SPI index values are
either positive, indicating wet conditions or negative
indicating dry conditions. Figure 5 shows the high
variability of mean monthly SPI versus 16-day mean
NDVI values for the study area over a 20-year period
(01.01.2001 to 16.10.2021) using GEE JavaScript code
and CHIRPS data. In semi-arid regions, precipitation is
the main limiting factor for vegetation growth.
Vegetation is greatly sensitive to climate change, and
abnormal changes in precipitation during the growing
season can further exacerbate the occurrence of
drought (Scott et al., 2014). Extreme dry conditions due
to deficit rainfall during the growing seasons 2014/15
and 2018/19 (SPI > -1) or wet conditions during the
rainy seasons 2010/11 or 2020/21 (SPI > 2) can clearly
be observed. These are plotted against MODIS NDVI
values showing the distinct seasonality of vegetation
greenness during and after the rainy seasons (October
to April) and senescence periods during the dry season
(May to September). The figure is complemented
through selected seasonal representations of rasterized
16-day SPI values based on Copernicus ERA-5
reanalysis data in a 25 km spatial resolution showing
distinct spatial-temporal patterns of negative and
positive SPI values in the study area, corresponding to
calculated SPI values in the graph.

As seen in Figure 6, mean NDVI and precipitation
show similar patterns. Both NDVI, as well as
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Comparison of mean NDVI & SPI by Date
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Figure 5. Comparison of mean 16-day NDVI and monthly SPI values based on CHIRPS reanalysis and MODIS NDVI
data. The selected rasterized representations of SPI for the rainy seasons (shown below) are based on Copernicus
ERA-5 reanalysis data and provide good overall spatial-temporal patterns of dryer and wetter conditions.
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Figure 6. Comparison of decadal mean precipitation and NDVI values for the study area (2001 to 2011

and 2011 to 2021).

precipitation increased slightly from 2001 to 2011 but
show a slight downtrend in the second decade (2011 to
2021). The mean NDVI values during the rainy seasons
range between 0.3 and 0.5. The highest mean NDVI
values greater than 0.5 were recorded in 2006, 2011,
2017, 2020, and 2021. Mean NDVI values during the
dry season range from 0.2 to 0.25, and increased to
0.28 during the dry season of 2021. 2013 marks the
beginning of the perennial drought phase which lasted
until 2016. During this period, vegetation was unable to
fully recover in subsequent growing seasons, having a
significant impact on Namibian ecosystems. A similar
pattern can be found for the two-year period from 2018
to 2020, which was marked by extremely dry

conditions. The mean values for the past 20 years
(2001 to 2021) contained in both Figures 5 and 6 show
no significant trend towards a drier or wetter climate,
and would need longer-term statistical time series
analysis, based on freely available information on
vegetation phenology (that is, AVHRR NDVI) which is

particularly favorable due to the long temporal
resolution reaching back to 1981.
Figure 7 shows the comparison of VCI, TCI, and

ERA-5 precipitation data during the growing season
covering a time-span of 10 years (2011/12 to 2020/21).
After calculation, VCI, TCI, and VHI have a value range
from 0 to 100 with values below 10 classified as
extreme drought, from 10 to less than 20 as severe
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Figure 7. Side by side representation of seasonal VCI, TCl and ERA-5 reanalysis data for the

10-year period 2010/11 until 2020/21.

drought, from 20 to less than 30 as moderate drought,
from 30 to less than 40 as mild drought, and values
above 40 classified as non-drought (Winkler et al.,
2017). The ERA-5 data shows classified spatial
distribution of average 6-month precipitation values in
mm during the respective growing seasons.

The time-series visualization depicts the spatial
variation of drought affecting vegetation (VCI) and
temperature-related vegetation stress caused by
decreased soil moisture (TCI). The figure indicates that
drought is a frequent phenomenon during most growing
seasons. According to the affected area and severity,

the drought of 2018/2019 was most severe in terms of
spatial extent and drought intensity, followed by the
drought in 2015/2016 marking the end of the perennial
drought phase. The 2018/19 drought event was
followed by a precipitation recovery during the 2019/20
and especially the 2020/21 growing seasons, with
seasonal VCI and TCI returning to pre-2018 levels. The
growing season of 2010/2011 shows the lowest drought
severities due to the receipt of above normal rainfall.
The figure also shows that drought magnitudes
increased after previous drought occurrences due to
continued high temperatures and below-average rainfall



over a two-year period. This is true for the seasons
2011/12 through 2012/13, 2014/15 through 2015/16,
and 2017/18 through 2018/19. Furthermore, spatial-
temporal analysis shows that VCI and TCI exhibit
similar patterns, but VCI exhibits significantly higher
drought sensitivity in terms of spatial extent and
severity levels. During the extreme drought of 2018/19,
approximately 5% of the study area was characterized
by extreme drought, with 15% characterized as severe
and 20% as moderate drought. These areas were
predominantly located in the southwest, covering large
extents of the Erongo region, western parts of the
Otjzondjupa region, and the Khomas region east of
Windhoek. Droughts of varying severity can also be
found in the Oshana and Oshikoto regions surrounding
the Etosha saltpan, as well as the Kunene region.
During the growing season of 2015/16, the spatial
patterns of drought were similar but less intense, with
2% classified as extreme, 6% as severe, and 13% as
moderate, respectively.

The 2012/13, 2014/15, and 2015/16 growing periods
also indicate severe and moderate drought expressions
in the southeastern parts of the study area, especially
in the North-West, Ghanzi and Central regions of
Botswana.

Drought severity depicted through TCI was
significantly lower with droughts being classified as mild
to moderate during all the growing seasons. Lower TCI
values indicate temperature-related vegetation stress,
which causes a decrease in soil moisture. Vegetation
stress is particularly severe where drier soils prevalil,
particularly in the study area's southwestern corner.
Both VCI and TCl have a strong correlation with
precipitation data (ERA-5) and follow the typical
precipitation gradient, with the highest mean rainfall
amounts in the study area's north and northwest. Apart
from smaller areas classified as mild drought areas
during the 2015/16 and 2018/19 seasons, these areas
were predominantly drought free. As such, vegetative
drought depicted through VCI can be seen as a
manifestation of meteorological drought. Results clearly
indicate that vegetation is especially affected by
drought if it is preceded by another drought year.
Similarly, a particularly wet year stimulates vegetation
activity during the following year. Figure 8 shows a side
by side representation of the combined drought indices
VHI, TVDI and DSI. VHI, which combines VCI and TCl,
takes into account vegetation greenness as well as
thermal conditions of vegetation and can thus
characterize drought conditions more comprehensively
during growing seasons with high temperatures.

VHI uses the same classification scheme as VCI and
TCI with a threshold of 40% to separate drought from
non-drought-prone areas. As equal weights of 0.5 were
applied, the time series of VHI displays the combined
index values of both components, leading to reduced
seasonal drought severity levels compared to VCI.
Therefore, no extreme drought was calculated for the
2018/19 growing season. In 2018/19, approximately 5%
of the study area was characterized by severe drought,
15% as moderate, and 25% as mild drought,
respectively.
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The TVDI was classified using the value ranges
provided by (Lu et al., 2007), allowing for the estimation
of regional soil moisture based on the relationship
between NDVI and LST values. Compared to VHI and
DSI, TVDI is not based on time series calculations
(reference period of 20 years), and only represents the
annual range of index values for each growing season.
However, spatial patterns of moderate drought
correspond well to VHI-classified moderate and severe
droughts, which also include LST values. Wet
conditions representing higher soil moisture contents
can be found along the Okavango delta, around the
Ngweze river catchment area bordering Botswana in
the Zambezi region and within the Otavi triangle south
of Tsumeb. The Otavi mountains, reaching elevations
up to 2100m over sea level, cause over-average annual
rainfall providing opportunities for large-scale arable
farming. These are clearly visible in the 2010/11 and
2011/12 seasonal representations with higher mean
precipitation rates. Hotspots of extreme drought
conditions indicating extremely low soil moisture
conditions can be seen during the years 2012/13,
2014/15, 2015/16, and especially during the 2018/19
growing season. Hotspots include the Etosha salt pan,
southern areas of the Oshana region, as well as
southwestern areas of the Erongo region.

DSl is a more complex index that adds the
normalized ratio of  potential and actual
evapotranspiration to standardized NDVI values to
assess vegetation response to drought. The
dimensionless index values were classified into five
classes for comparison with VCI, TCI, and VHI,
according to (Mu et al., 2013), including extremely dry,
dry, average, wet, and extremely wet conditions. The
visual interpretation of DSI shows extremely dry
conditions during the growing seasons of 2012/13,
2014/15, 2015/16 and especially in 2018/19, depicting
drought-prone seasons but showing higher fluctuations
and varying spatial patterns in comparison to VHI.
Extremely dry conditions depicted through DSI
correspond best to severe and moderate drought
classes of VHI in 2012/13, 2015/16, and 2018/19 but
extend into vegetative areas in the northern parts of the
study area including open woodlands, shrubland-
woodland mosaics and riparian vegetation along the
fringes of the Okavango delta, characterized through
higher evapotranspiration rates and less terrestrial
water availability during periods of below normal
precipitation and high temperatures.

Using the 25 km grid points, index values were
extracted for the 10-year time series for further spatial
and statistical analysis. The calculation of mean
decadal index values, including information on latitude
and longitude, allows a generalised representation of
spatial distributions as seen in the histograms
contained in Figure 9. VCI, TCl as well as combined
VHI show distinct patterns of steady latitudinal increase
from North (-17°) to South (-22°), and a slight
longitudinal increase of drought intensity from East
(25°) to West (16°), with index values decreasing
significantly from 18° longitude onwards. The indices
follow the predominant rainfall gradient und correspond
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Figure 8. Side by side representation of seasonal VHI, TVDI and DSI for the 10-year period

2010/11 until 2020/21.

strongly to ERA-5 precipitation values showing
comparable longitudinal and latitudinal values. Thus,
higher precipitation values in the north-eastern parts of
the study area lead to a higher level of vegetation
vitality and less drought severity. The combined indices
DSI and TVDI, which include ET, PET, and LST in
addition to NDVI, show greater temporal and spatial
fluctuations in drought intensity over the course of ten
growing seasons (Figure 8). However, mean decadal
values of both DSI and TVDI only show slight latitudinal
and longitudinal changes in Figure 9, indicating that

drought occurrences were more evenly distributed
across the study area. DSI slightly decreases and TVDI
slightly increases from East to West indicating slightly
dryer conditions and a decline of soil moisture content
respectively.

Figure 10a shows the amplitude and temporal
characteristics of averaged drought indices during the
growing seasons as well as means precipitation during
the last decade. For better comparison, TVDI values
were multiplied tenfold and show a reversed trend
compared to other indices due to the value scale
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definition. TVDI values indicating high soil moisture
contents correspond to high values of TCI, VCI, and
VHI, representing drought-free conditions. The time
series comparison indicates that TCI, VCI, VHI, and
DSI show similar amplitudes throughout the growing
seasons and correspond well with ERA-5 precipitation
data. Vegetation, health, temperature related
vegetation stress, and terrestrial water availability were
lowest during the extreme drought season of 2018/19,
followed by 2015/16 and 2012/13, respectively. Water
availability with positive effects on vegetation health
was highest in 2020/21, followed by 2010/11, 2016/17,
and 2013/14, respectively. TVDI as a proxy for soil
moisture shows a slightly different tendency, indicating
the periods of 2014/15 and 2017/18 as particularly dry.
The reason for TVDI deviation is most probably an
effect of the calculation method. Whilst the other
indices refer to a reference period of 20 years, TVDI
only represents the annual seasonal values of LST and
NDVI. It should also be noted that the representation of
mean values does not reflect region-specific or inter-
seasonal differences within the study area.

Figure 10b shows the spatial extent of moderate to
extreme droughts in percent of total area recorded
through TCI, VCI, and VHI, as well as dry and
extremely dry conditions represented through DSI.
Amplitudes correspond to the time series in Figure 10a.
Highest extents were recorded during the 2018/19
growing season with 52% (DSI), followed by 49% (VCI),
46% (VHI), and 45% (TCIl), respectively. The growing
season of 2010/11 was pretty much drought-free with
coverage of 3% (VCI), 0.4% (VHI), 0.2% (TCl), and
0.05% (DSI). It is also clear that, with the exception of
2014/15, VCI outperforms all other indices, with a
second highest spatial extent of 47 percent in 2015/16,
followed by 43% in 2012/13.

The selected scatter plots containing coefficients of
determination (Figure 11) indicate that seasonal VHI
shows the highest correlation with all other indices and
ERA-5 precipitation data. VHI exhibits the highest
positive correlation with ERA-5 precipitation data with
an R? value of 0.61 followed by R? values of VCI
against ERA-5 (0.58), TCI against ERA-5 (0.36), and
DSI against ERA-5 with no association between the two

variables (0.05). VHI also exhibits a significant and
overall highest positive correlation with VCI (R? value of
0.81) followed by TCI (0.65), TVDI (0.55), and DSI
(0.25), respectively.

Correlations show that vegetation-based indices
(VCI, VHI) show a generally high correlation with ERA-
5 data and that the combined indices TVDI and DSI
show less significant correlations against other indices
and amongst each other, with an R® value of only 0.23
(not contained in Figure 11). DSI performs worst among
the combined indices in terms of correlation. It is also
noticeable that VCI and TCI only show a correlation of
about 33%. However, it is important to state that the
correlation analysis using mean values of the entire
decade has an effect on correlation results. A year-to-
year or inter-annual comparison may present more
reliable results.

Figure 12 illustrates the accumulated number of
droughts on pixel level during the past decade using
pixels classified as moderate to extreme drought
through VCI, TCl and VHI as well as dry and extremely
dry conditions classified through DSI. TVDI was
excluded as the index is not based on a comparable
reference period of 20 years.

The quantitative representation clearly indicates the
distribution of drought-prone areas, allowing the
identification of hotspots. The drought numbers were
classified into five classes ranging from < 5 to < 40.
Pixel values of 40 indicate that all four indices recorded
drought during each growing season within the 10-year
time-period. The highest calculated pixel value is 37,
falling within the class = 26 to < 40, representing the
highest class of re-occurring droughts within the studéy
area with a spatial extent of approximately 15.500 km~.
Affected areas cover large parts of the Erongo region,
especially the south-eastern and western areas around
the Erongo mountains, representing granite intrusions
with a maximum height of 2350 m over sea level.
According the ESA Copernicus Land Cover
classification, the dominant land cover types within this
class are herbaceous vegetation and bare land,
characterized through dry soils and high land surface
temperatures.

A second hotspot is located west of the Etosha salt
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Figure 11. Cross-correlation analysis of selected indices and ERA-5 Reanalysis data.

pan where herbaceous vegetation is dominant. The
second highest class from = 16 to < 25 droughts per
pixel covers a larger area of approximately 60.000 km?.
The area covers larger extents of the Khomas region
around Windhoek, southwestern parts of the
Otjonzondjupa region as well as Kunene and southern
parts of the Oshana region. In these regions dense
shrubland dominates with an impact on forage
availability during drought events that challenges

sustainable farming practices with either livestock or
game. These areas extend into the northern Oshana
and Omusati regions as part of the Etosha Cuvelai
System, characterized by a mosaic of herbaceous
vegetation, bare land (Oshanas) and cultivated areas
where subsistence agriculture is predominant. Other
hotspots are visible south-west of the Okavango delta,
where dense shrubland and partially open woodlands
dominate, and around the Makadikgadi salt pans with



Number of Droughts
<=50 <=2
<=10 | <0

j <=15

Wyss et al. 187

0 50 100
ez ¢ 1 g % |

200 Kilometers

25km Grid Points

= Main Towns
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surrounding herbaceous vegetation. Including the third
class with pixel values >10, the size of severely drought
affected area totals approximately 183.550 km?
accounting for 27% of the study area. Within these
three classes dense shrubland, as the primarily
represented land cover type, is mostly affected (82%),
followed by herbaceous vegetation (12%), bare land
(2.5%) and cultivated areas (1.5%), respectively. The
classes ‘Urban’, ‘Waterbodies’, ‘Wetland’ and ‘Open
Woodland’ represent less than 2% of the affected land
cover types.

DISCUSSION

Drought monitoring is critical, particularly in Namibia's
semi-arid regions, due to the impact on Namibian
ecosystems. Reduction in vegetation cover and
increasing land surface temperatures are the most
important consequences of drought, which can lead to
severe land degradation processes. The study
examined the effects of drought on vegetation cover as
they relate to land surface temperatures. VHI, which
combines NDVI and LST, has the highest coefficients
of determination (R2) when compared to precipitation
(ERA-5) and all other derived indices. This suggests
that reduction in vegetation cover, and the increase of
land surface temperatures as proxy variables for soil
moisture content and vegetation health, are the most

important consequences of drought and most probably
best suited for arid and semi-arid areas.

VCI showed the highest sensitivity towards drought
during all observed growing seasons. However, purely
NDVI-based indices only utilise reflected spectral
information, and are thus strongly affected by soil
texture, surface roughness, organic matter and plant
cover. Additionally, the problem with NDVI as a tool to
measure vegetation density is that it saturates at high
amounts of green biomass (above 50%) and is
insensitive to greenness when vegetation cover is low.
This can lead to an under or overestimation of
vegetation cover, possibly providing biased information
for a region (Tesfaye et al., 2021). Furthermore, it is
important to keep in mind that vegetation vitality is
dynamic, depending on rainfall patterns which are
highly variable and therefore influence the beginning
and end of a growing season. Greening or browning of
vegetation can happen on a very local scale, influenced
through temporal and seasonal effects as well as
vegetation types. As an example, herbaceous
vegetation is often decimated by grazing pressure
during the dry winter months, and will only contribute to
the greening signature represented in NDVI, as an
evidence for quick adaptation, once the rainfall season
returns. Hence, exclusively vegetation-based indices
for drought detection are not always suitable. A
decrease in precipitation does not result in immediate
deterioration of vegetation health, but rather is a
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cumulative process. Greening, on the other hand,
which can occur as a result of abundant rainfall during
the growing season, does not clearly indicate declining
drought conditions and must be interpreted with caution
(Liu and Zhou, 2021; Thompson, 2021; Polk et al.,
2020). In Namibia, for example, due to droughts and
declining livestock numbers, there is continuous bush
encroachment,  which  appears as  greening
(Mendelsohn, 2002). However, rather than being a
"good sign," bush encroachment is part of a
degradation process that causes nutrient depletion in
soils and further desertification.

DSI, as a proxy for terrestrial water availability,
showed comparable seasonal drought amplitudes but
different spatial distributions of drought stress. This is
reflected in the results of cross-comparison with other
indices and ERA-5 rainfall estimates, where DSI
showed the lowest coefficients of determination (R?)
followed by TVDI. Nevertheless, proxies on water
availability and soil moisture have relevance and need
to be considered for better comprehension and
assessment of droughts and their effects on the
environment. The decadal time series analysis (Figures
7 and 8) indicate certain patterns of drought with a clear
increase of drought magnitude if droughts are followed
by subsequent droughts. However, aspects of post-
drought recovery, influenced by drought duration,
frequency, post-drought wetness and bioclimatic
settings, lack research in Namibia and have definite
potential for future investigations.

The accumulated number of droughts through
combination of drought indices (Figure 12) can only
provide a generalised visualisation of drought hot-spots
due to the resampled medium resolution of 500 m pixel
size. In addition, the use of seasonal averaged indices,
excluding inter-seasonal analysis on a monthly basis,
adds to simplification. Another disadvantage is that
MODIS satellite data and value-added products have
only been available from the year 2000 onwards. This
is a relatively short time and counteracts the
significance of statistical analyses, making it difficult to
link the derived indices to patterns of climate change.
The spatial resolution of MODIS also limits the
possibility of identifying different vegetation types and
their phenological phases. Therefore, time-series of
higher resolution imagery has large potential for the
detailed evaluation and assessment of drought
magnitude, duration and impact on different land cover
and vegetation types within the identified drought
hotspots. The computation of indices in higher
resolution and smaller time steps can provide more
detailed information on inter-seasonal variations of
drought magnitude and duration and can provide a
basis for regional drought preparedness and future
drought risk reduction strategies in Namibia.

Considering  spatial, temporal, and spectral
characteristics, the freely available Copernicus
Sentinel-2 data products in resolutions of 10, 20 and 60
m, depending on spectral bands, have high potential to
analyze intra- and inter-annual variations in vegetation
biomass during vegetation and senescence periods.
Lately, much research has been conducted to evaluate

the potential of Sentinel-2 multispectral imagery in
assessing drought through vegetation characteristics;
soil moisture, evapotranspiration, surface water, and
land use/land cover analysis (Varghese et al., 2021;
Xijia et al., 2020; Urban et al., 2018). The multispectral
imagery allows the retrieval of essential biophysical
variables such as LAl and absorbed photosynthetically
active radiation (FAPAR) as key quantities in carbon
cycle estimation. Sentinel-2 also allows calculation of
additional vegetation and drought indices based on the
available red-edge bands, providing key information on
the vegetation condition which can be used for
grassland, forage, and crop monitoring on various
scales. Similar results can be achieved using
commercial RapidEye imagery in an even higher spatial
resolution of 6, 5 m, or the new Landsat 9 sensor with
moderate spatial resolution of 15, 30 and 100 m,
depending on the spectral band. Landsat 9 will become
freely available in the first quarter of 2022, and will be
placed in an orbit that it is eight days out of phase with
Landsat 8 to increase temporal coverage of
observations [www.usgs.gov].

The derived drought indices TCI and TVDI provide
proxies of soil moisture. Unfortunately, no
comprehensive national network of soil moisture in-situ
monitoring instruments providing seamless information
exists in Namibia. Future integration of remotely-
sensed information on soil moisture and cross-
comparison to derive drought indices would therefore
definitely add value. For this purpose, ESA SMOS data
(Soil Moisture and Ocean Salinity mission), providing
spatial-temporal information on soil moisture in a
resolution of 35 to 50 km since 2010, has high potential
for further research on regional and supra-regional
levels. Lately, a new soil moisture agricultural drought
index called SMADI, combining SMOS with MODIS
NDVI and LST data, has been developed and applied
for drought analysis specifically in arid and semi-arid
regions (Souza et al., 2021; Sanchez et al., 2018). The
additional installation of terrestrial in-situ soil moisture
and LST sensors in selected areas would add
additional value by allowing in-situ comparison and
validation with sensor-derived drought products such as
SMADI, VHI and DSI.

Currently, no single institution in Namibia provides
early warning information. Early warning is seen as a
coordinated task by different institutions such as
MAWF, NMS, and MET. Climate change will
necessitate improved and more comprehensive drought
mitigation and adaptation strategies in order to improve
food security and reduce poverty in the country. These
strategies are incorporated into Namibia's National
Climate Change Strategy and Action Plan (NCCSAP),
and they are critical components of Namibia's long-term
national development strategy (Vision, 2030). Aside
from the previously mentioned national rangeland
monitoring project, there are a couple of regional
projects worth mentioning that deal with rangeland
assessment or grassland restoration. The NamTip
project, led by the University of Bonn and the Namibian
University of Science and Technology (NUST), is
currently investigating so-called tipping points in



ecosystems caused by changing environmental
conditions, such as droughts during growing seasons
combined with increasing land use pressure, which can
lead to irreversible desertification processes in dryland
ecosystems (www.namtip.uni-bonn.de). The project
employs an interdisciplinary approach that includes
socioeconomic studies, communication strategies, and
in-situ  monitoring of forage grass biomass within
selected test plots. These are located south of the
Waterberg plateau in the Otjozondjupa region
(southeast) of Otjiwarongo, an area characterized by
successive drought events over the last decade, as
shown in Figure 12. A second area of interest with high
research potential is the ProNamib nature reserve
which was established in 2020. The nature reserve is
located outside of the study area in south-western
Namibia, representing an ecological transition zone
between the eastern edge of the Namib Desert and the
Nubib Mountains. ProNamib aims at further land
acquisition in order to facilitate seasonal migratory
wildlife routes and protect biodiversity. Grassland
restoration, achieved through the free movement of
animals into areas with higher levels of precipitation, is
an important aspect of biodiversity conservation in this
area, particularly given the decline in biomass over the
last eight years of perennial and extreme drought
events. The restoration of historic grazing is expected
to result in a significant increase in biomass in the
coming years (https://pronamib.org/).

Conclusion

By comparing various MODIS-derived indices and their
spatial-temporal dynamics, the study demonstrated the
potential of MODIS-based agricultural drought indices
in providing a synthesized evaluation of drought events.
The study also found that combined indices based on
vegetation vitality and land surface temperatures are
more appropriate for semi-arid areas than individual
parameter indices. The results provide a generalised
but consistent basis for further research and
development of regionally adapted drought indicators
for monitoring and early warning in the semi-arid
regions of Namibia. The potential integration of multi-
sensor and multi-scale approaches to monitor
intraseasonal drought and vegetation responses within
identified drought hot spots in the future is highly
relevant. Regional and local projects should further
integrate detailed biophysical information, such as
vegetation phenology, soil characteristics, and high
resolution digital elevation models to model surface
water runoff and infiltration as well as detailed
information on predominant land use. These
parameters are central to the further development of
drought monitoring systems for Namibia. The additional
inclusion of socio-economic information such as
agricultural productivity, health related aspects and
environmental vulnerability could lead to a new
complex and holistic index to support informed
decision-making on regional as well as local levels. The
handling of such ‘Big Data’ for time series and trend
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analysis is a continuous challenge, especially within
developing countries. Thus, adapted and sustainable
methods to automate data processing and information
dissemination strategies are needed. The continuous
development and provision of free and open source
software and tools already provide opportunities for
capacity development, which should be purposefully
integrated into postgraduate courses offered at
universities in Namibia and the SADC region,
accompanied by regional ftraining workshops to
integrate relevant stakeholders and contribute to
awareness raising.

The high precipitation rates during the last growing
season 2020/21 resulted in the filing of water
reservoirs behind dams and an overall improvement in
vegetation health across the country. According to
NMS, most parts of the country are expected to receive
normal to above-normal rainfall during the current
2021/2022 rainy season, indicating stable conditions for
further recovery following the previous extreme drought
event in 2018/19. However, it is possible that the
periodic El Nifio- und La Nifa effects could cause the
next agricultural drought in 2022/23, following the
expected three-year drought pattern. This stresses the
importance of regionally adapted drought monitoring
systems, as well as the implementation of continuous
and sustainable drought adaptation and mitigation
strategies in Namibia.
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