
Water SA 49(1) 46–55 / Jan 2023
https://doi.org/10.17159/wsa/2023.v49.i1.3950

Research paper

ISSN (online) 1816-7950 
Available on website https://www.watersa.net

46

CORRESPONDENCE
Munyaradzi Davis Shekede

EMAIL
shekede@gmail.com

DATES
Received: 9 September 2021
Accepted: 21 November 2022

KEYWORDS
aquatic weeds
proliferation
remote sensing
water quality
urban catchment

COPYRIGHT
© The Author(s)
Published under a Creative 
Commons Attribution 4.0 
International Licence 
(CC BY 4.0)

This study quantified the spatial and temporal variation of aquatic weeds in two lakes in an urban catchment 
of Zimbabwe using the automatic water extraction index (AWEI) and normalised difference vegetation 
index (NDVI) derived from Landsat satellite data from 1986 to 2020. Extent of aquatic weeds estimated 
using AWEI in Lake Chivero increased from less than 1 km2 (4%) in 1986 to 7 km2 (27%) in 2020. NDVI-based 
aquatic weed estimation gave the least spatial extent in the first few years. Similarly, in Lake Manyame aquatic 
weeds occupied ~62 ha (<1% in 1986) before reaching a peak extent of 60 km2 (~70%) in 1995, based on 
AWEI estimates. NDVI-derived aquatic weed extent ranged from less than 2 km2 in 1997 to a maximum of 
56.12 km2 in 1994. Although AWEI and NDVI estimated similar extents, NDVI had higher estimates than AWEI. 
A non-significant positive trend in aquatic weed extent was detected for Lake Manyame based on AWEI  
(Mann-Kendal tau = 0.139, s = 69, p = 0.27) and NDVI (Mann-Kendal tau = 0.129, s = 64, p = 0.307). In Lake 
Chivero, a non-significant negative trend was observed in aquatic weed extent based on NDVI (Mann-
Kendal tau = −0.06, s = −30, p = 0.6382), while a positive trend was detected using AWEI (tau = 0.0036, s = 18,  
p = 0.7827). Results of the regression analysis indicate that phosphorus (R2 = 0.7957, p = 0.00122) and nitrogen 
(R2 = 0.8992, p = 0.0011) significantly explained variations in aquatic weed infestation in Lake Chivero. These 
results suggest that phosphorus and nitrogen enrichment are key drivers of aquatic weed proliferation in the 
two lakes. Thus, sustainable management of water resources in the catchment hinges on reducing the amount 
of nutrients released into the lakes from sewage treatment plants and croplands.
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INTRODUCTION

The invasion of water bodies by aquatic plants and their subsequent effect on aquatic environments 
is of global concern to ecologists and water resource managers. Globally, floating invasive aquatic 
plants such as water hyacinth (Eichhornia crassipes) have been a management challenge to inland 
water bodies such as rivers and lakes. These inland water bodies are prone to native species loss and 
to some extent extinction of invaluable species (Havel et al., 2015). In fact, the loss of aquatic plant 
species and associated faunal species composition results in the decline of goods and services that 
are derived from inland water bodies (Villamagna et al., 2010, Nhapi et al., 2004a; Havel et al., 2015). 
Moreover, the surface layer of aquatic plants prevents sunlight penetration in water bodies and causes 
hypoxia (Mallin et al., 2006), which negatively influences water quality and abundance of aquatic life 
(Ruiz Téllez et al., 2008; Gallardo et al., 2015; Utete et al., 2018; Nyamekye et al., 2021).

The rapid increase in aquatic weeds has mainly been driven by eutrophication (Shekede et al., 2008, 
Chawira et al., 2013). For instance, Nhapi et al. (2004a) identified urban agriculture and poor sewage 
treatment as the main causes of eutrophication in Lakes Chivero and Manyame, resulting in the 
extensive proliferation of aquatic weeds in the two water bodies. According to Kamusoko et al. 
(2013), urban sprawl, population growth and an economic meltdown have contributed to pressures 
that have ultimately led to a failing sewer system within the Harare Metropolitan Province and this 
has largely contributed to increased sewage contamination and overflows into the Lakes. Mbiba 
et al. (1993) attributes accelerated nutrient loads into the tributaries that feed into Lake Chivero 
to the increased use of artificial fertilisers in urban agriculture practices (Nyamekye et al., 2021). 
These artificial fertilisers and sewage are rich in nitrogen and phosphorus. An estimated 48.9 g/m−2  
of total nitrogen and 25.39 g/m−2 of total phosphorus are being transported into Lake Chivero per 
year through its main tributaries, namely, Marimba, Mukuvisi and Manyame (Nyarumbu et al., 
2016). Although these studies have identified the major drivers of nutrient enrichment in these two 
water bodies, they neither quantified the dynamics in aquatic weeds nor objectively established the 
relationship between aquatic weed proliferation and their potential drivers. Yet such information is 
critical for integrated water resource management in urban catchments, where pressures on water 
resources are increasing from rapidly growing demands and climate change.

Remote sensing and GIS techniques are increasingly becoming invaluable in mapping pollution and 
weed proliferation in water bodies (Jensen, 1996; Shekede et al., 2008; Kamusoko et al., 2013). Such 
geospatial technologies are important for monitoring variations in the quantity of aquatic weeds in 
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Figure 1. Map showing location of the study area – location of Zimbabwe within Africa, and Lake Manyame and Lake Chivero in the Upper 
Manyame Catchment located west of Harare 

such water bodies, thus providing platforms for interventions. For 
example, Muchini et al. (2018), using remotely sensed imagery, 
showed that water pollution from both point and non-point 
sources has increased eutrophication and reduced the water quality 
of Lake Chivero and Manyame. Shekede et al. (2018) concluded 
that there was a decreasing trend in areas covered by aquatic weeds 
in Lake Chivero between 1972 and 2000, owing to a combination 
of chemical, biological and physical controls. Nhapi et al. (2004a) 
used the mass balance equation in the analysis of water quality and 
concluded that Lake Chivero is hypertrophic. Kibena et al. (2014) 
assessed the impacts of population growth on water pollution in 
the Upper Manyame catchment using image classification and the 
results indicated that rapid urbanisation and agriculture are the 
main causes of declining water quality. In another study, Dube et al. 
(2018) showed an expansion in agricultural land coupled with an 
increase in water hyacinth in Lake Chivero. In addition, Masocha 
et al. (2018) integrated satellite data and in-situ measurements to 
estimate water quality in Lakes Chivero and Manyame and the 
results demonstrated that Lake Chivero was more polluted than 
Lake Manyame.

Although these studies have applied remote sensing in monitoring 
aquatic weeds, none have quantified aquatic weed proliferation 
at relatively fine temporal scales and for a long period of time 
(> 3 decades). Furthermore, previous studies analysed the eutro-
phication in Lakes Chivero and Manyame separately, thereby 
making it difficult to compare eutrophication and aquatic weed 
infestation in both lakes (Kibena et al., 2014, Shekede et al., 2013, 
Dube et al., 2018). This study, therefore, builds and extends on 
previous studies by not only quantifying aquatic weed proliferation 
using two multispectral indices but by further analysing the drivers 
of aquatic weed proliferation in Lakes Chivero and Manyame, the 
two main water sources of Harare, the capital city of Zimbabwe. 
Understanding the spatial and temporal variations in the aquatic 
weeds is critical for sustainable water resource management, 
especially in the context of rapid fluctuations in water resources 
induced by rainfall variability and climate change.

MATERIALS AND METHODS

Study area

For this study, Lakes Chivero (formerly Lake McIlwaine) and 
Manyame (formerly Darwendale Dam), located 76 km and 35 km 
west of Harare, respectively, were selected as study sites (Fig. 1).  
The two reservoirs are man-made lakes, with Chivero having been 
established in 1956 and Manyame in 1976. The surface area of Lake 
Chivero is 26.32 km2, with an estimated width of ~2km, while 
Lake Manyame covers an area of 292.60 km2. Lake Manyame has a 
storage capacity of 480 200 ML and an average depth of 9.4 m. On 
the other hand, Lake Chivero has a capacity of 250 400 ML and also 
has a mean depth of 9.4 m. The two lakes are the main water sources 
for Harare and Norton as well as surrounding farms. However, the 
two lakes suffer from water pollution owing to their downstream 
location relative to the City of Harare. The disposal of raw sewage, 
and runoff from urban agriculture in Harare and Chitungwiza, 
increases nutrient concentration in the lakes, thereby facilitating 
the growth of aquatic weeds (Nhamo and Tirivarombo, 2004).

Data sources

Satellite data

Thirty-five Landsat images covering the study area (Worldwide 
Reference System-2 =17072) were downloaded free of charge, 
from the USGS Earth Explorer website hosted at: https://
earthexplorer.usgs.gov. The Landsat Mission (from Landsat 5 
through to Landsat 8) was selected due to its long-term archival 
record (~40 years) and relatively high spatial resolution (~30 m). 
Yearly images from 1986 to 2020 were used to capture fine-scale 
spatial and temporal variation in aquatic weeds. To do this, the 
35 cloudless Landsat images acquired during the months of April 
and May were downloaded and analysed to estimate aquatic weed 
extent in the two lakes. Ideally, the study should have applied 
anniversary images for estimating aquatic coverage in the two 
lakes. However, images for some months were not available or 
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were heavily affected by clouds thereby rendering them unusable 
for the focal application. Nonetheless, the images used were close 
to each other in time and therefore the spatial extent of aquatic 
weeds was not likely to be significantly affected. The selected 
months coincide with the start of the dry season in the country 
and have less cloud cover.

Water quality data

As nutrient enrichment is a major driver of primary productivity in 
water bodies, the study related variations in aquatic weed extent to 
two macro-nutrients, namely, total nitrogen and total phosphorus. 
To do this, water quality data were collated from previous studies 
carried out on Lake Chivero and Lake Manyame. However, 
comprehensive data were only available for Lake Chivero and 
as such the relationship between water quality and aquatic weed 
proliferation was only established for Lake Chivero (Table 1).

Data analysis

Image pre-processing

Prior to image analysis, all satellite images were corrected for 
atmospheric attenuation using the dark object subtraction 
method available in the Semi-Automatic Classification Plug-
in available in Quantum GIS (Chander et al, 2009; Congedo 
2016). The process of atmospheric correction converts top-of-
atmosphere (TOA) reflectance to surface reflectance (Hadjimitsis 
et al., 2004). An image-based atmospheric correction called dark 
object subtraction (DOS) technique of atmospheric corrections 
was employed in this study (Ding et al., 2015; Gilmore et al., 
2015). These radiometric corrections were performed to convert 
the digital number (DN) values to at-sensor reflectance (Hill 
and Sturm, 1991). Coefficients for atmospheric correction were 
obtained from metadata files which contain sensor-specific 
information used for the calibration process from DN values to 
TOA reflectance.

Aquatic weed estimation

Previous studies carried out on the estimation of aquatic weeds in 
lakes mostly used vegetation indices to estimate the spatial extent 
(Dube et al., 2017). However, water extraction indices offer an 
alternative way to estimate surface water resources, including the 
aquatic weeds. After image pre-processing the automatic water 
extraction index (AWEI) and normalised difference vegetation 
index (NDVI) were computed to extract areas under aquatic 
weeds. AWEI is a new water extraction index that has an ability 
to separate water pixels from non-water pixels on water surfaces, 
as compared to NDWI and MNDWI (Feyisa et al., 2014). The two 
spectral indices were calculated as follows:

AWEI = 4 × (Green – SWIR2) − 
(0.25 × NIR + 2.75 × SWIR1)                            (1)

NDVI = [(NIR−R)/(NIR+R)]                            (2)

where NIR is the reflectance in the near-infrared band, R is 
the reflectance in the red band, SWIR1 and SWIR2 are the two 
shortwave infrared bands.

After computing the AWEI, the threshold of 0 was used to 
differentiate water-holding pixels from pixels with aquatic weeds 
(Feyisa et al., 2014). Binary maps were then created; (1) values 
represented water and (0) values represented aquatic weeds. On 
the other hand, we used a threshold of >0.2 and ≤0 to represent 
aquatic weeds and water/non-aquatic weed surfaces, respectively. 
Aquatic weed pixels for every year were extracted to determine 
area occupied by aquatic weeds before performing a Mann-
Kendall trend test. The accuracy of the classification was assessed 
using the Kappa statistic, which was >98% across all years. A 
student t-test was used to test whether there were significant 
differences in areal extent of aquatic weeds estimated using AWEI 
versus NDVI.

Determination of trends in aquatic weed extent

The Mann-Kendall trend test (M-K test) was used to test whether 
and in what way the area covered by aquatic weeds in each of the 
two lakes exhibited any significant trends over time. The M-K test 
assesses if there are consistently increasing or decreasing trends 
(monotonic) in observed phenomena over time (Pohlert, 2020; 
Duhan and Pandey, 2013; Shadmani et al, 2012). The Mann- 
Kendall trend test takes the following form:
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where Xi and Xj are the time-series observations in chronological 
order, n is the length of the time series, tp is the number of ties for 
pth value, q is the number of tied values.

The Mann-Kendall trend test has been widely used in trend detection 
for a number of phenomena including precipitation (Duhan and 
Pandey, 2013) and evapotranspiration (Shadmani et al, 2012).

Table 1. List of studies that have focused on water quality in Lake Chivero whose data were used to determine the relationship between aquatic 
weed proliferation and water quality

Study Nutrient (mg/L) Period covered

Muchini et al., 2018 Phosphorus 2012

Mhlanga et al., 2014 Nitrogen and phosphorus 2005

Ndebele and Magadza, 2006 Nitrogen and phosphorus 2003

Nhapi et al., 2004 Nitrogen and phosphorus 2000–2001

Nyamangara et al., 2013 Nitrogen and phosphorus 2001–2007

Nyarumbu and Magadza, 2016 Phosphorus 1996, 2010

Shekede et al., 2008 Nitrogen and phosphorus 2005



49Water SA 49(1) 46–55 / Jan 2023
https://doi.org/10.17159/wsa/2023.v49.i1.3950

Relationship between aquatic weed extent and nutrient 
concentration

An ordinary least squares regression was used to assess whether 
and to what extent water quality (i.e., nitrogen and phosphorus) 
is related to aquatic weed proliferation. As previously mentioned, 
the analysis was only performed for Lake Chivero as the available 
data were too limited to allow for meaningful statistical analysis 
for Lake Manyame. The two nutrients were selected for analysis 
as they are responsible for aquatic weed proliferation and algal 
blooms across many aquatic systems. These two nutrients can be 
used as an indicator of eutrophication (Nyarumbu and Magadza, 
2016; Nhapi et al, 2004b).

Validation of aquatic weeds

The data from classified images were validated based on fieldwork 
that was carried out over the years in the two lakes as well as based 
on results from previous studies. For instance, photographs taken 
during fieldwork in 2020 indicated that water hyacinth was the 
predominant aquatic weed in Lake Chivero (Fig. 2). Similarly, 
previous studies (Shekede et al., 2008; Dube et al., 2014, 2017, 2018; 
Chawira, et al., 2013) confirm that water hyacinth is the main plant in 
Lake Chivero, with other plants and aquatic weeds only comprising 
a small proportion. A visual comparison of the estimated spatial 
extent of the aquatic weeds based on (a) AWEI and (b) NDVI versus 
the original Landsat 8 image shows the general performance of the 
spectral indices in measuring aquatic weed abundance (Fig. 3).

Figure 2. The predominance of water hyacinth in Lake Chivero. Photos taken in 2020.

Figure 3. A comparison of (c) the original Landsat image (8 May 2020) displayed in pseudo-natural colour composite and the extracted aquatic 
weeds based on (a) AWEI  and (b) NDVI  in Lake Manyame. 
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RESULTS

Spatial and temporal variation in aquatic weeds in Lake 
Manyame

Figures 4 and 5 illustrate the spatial variations in aquatic weed 
extent as derived from remotely sensed data based on AWEI and 
NDVI over a 35-year period for Lake Manyame. Although the 
AWEI-derived spatial extent of aquatic weeds fluctuated over the 
years, there was a general increase over the 35-year period in Lake 
Manyame. For instance, in 1986 aquatic weeds occupied less than a 
square kilometre (<1%), but this increased to 4.6 km2 (6%) in 1988. 
Thereafter, aquatic weed extent decreased to <1 km2 (<1%) in 1989 
before increasing drastically from 1990, reaching a peak of ~60 km2 
(74%) in the year 1995. In fact, a large spatial extent of aquatic weeds 
was maintained from 1992 when the country experienced one of the 
most extreme droughts up until the year 1996. A significant decline 
thereafter resulted in aquatic weeds occupying 0.6 km2 (~1%) in 
1997 followed by a gradual increase up to the year 2005 when a total 
area of 21 km2 (26%) was covered by aquatic weeds. The aquatic 
weed area decreased in 2012 after fluctuations from the year 2008 to 
2011.The subsequent years were characterised by a relatively gradual 

increase in area under aquatic weeds from approximately 5 km2 
(6%) to 12 km2 (15%) during the period 2014 to 2020.

NDVI-derived aquatic weed spatial extent shows that the area 
occupied by aquatic weeds ranged from a minimum of less than  
2 km2 in 1997 to a maximum of 56.12 km2 in 1994. It can be 
observed that the first few years had the least spatial extent of 
aquatic weeds, which then increased substantially from 1991 
(15.41 km2) when the country experienced one of its worst 
droughts in history, lasting up to the year 1996 (31.22 km2). 
Thereafter, aquatic weeds decreased in spatial extent and the 
weeds were mostly confined to the edges of the lake. The pattern 
is similar to the aquatic weed dynamics derived from AWEI.

Although AWEI and NDVI estimated similar spatial patterns 
of aquatic weeds over the study period, NDVI tended to give 
a significantly higher areal extent of aquatic weeds than that 
estimated using AWEI (t = −4.452, df = 73.496, p-value = 0.000: 
Fig. 6). For instance, the maximum areal extent in 1994 was 15% 
higher when derived from NDVI than AWEI. However, they differ 
on the minimum spatial extent of aquatic weeds in the lake with 
NDVI estimates being 80% greater than AWEI-derived estimates.

Figure 4. Spatial and temporal variation of aquatic weeds in Lake Manyame from 1986 to 2020 based on AWEI

Figure 5. Spatial and temporal variation of aquatic weeds in Lake Manyame from 1986 to 2020 based on NDVI
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Spatial and temporal variation in aquatic weeds in Lake 
Chivero

An analysis of the spatial dynamics of aquatic weeds in Lake 
Chivero based on AWEI illustrates similar patterns to that of Lake 
Manyame (Fig. 7). Fewer aquatic weeds were observed in Lake 
Chivero from 1986 to early the 1990s. During this period, aquatic 
weeds rarely exceeded an area of 5 km2, i.e., less than 19% of the 
lake’s surface area. The year 1986 had the smallest area under 
aquatic weeds (~1 km2 i.e., 4%) whilst 2020 recorded the highest 
(~7 km2, i.e., 27%). Overall, there was a general increase in the 
area under aquatic weeds over the 35-year period.

The spatial extent of aquatic weeds based on NDVI shows that 
Lake Chivero was characterised by more year-to-year fluctuations 
in areas under aquatic weeds during the period from 1986 to 2020 
(Figs 8 and 9). Although the first few years had the smallest spatial 
extent of aquatic weeds, the subsequent years were characterised 
by relatively high aquatic weed infestation. The years 1993, 2003 
and 2010 had the largest area under aquatic weeds. For the two 
lakes, aquatic weeds were mostly concentrated at the shores and 
areas close to the spillway (Plate 1). It is also observed that Lake 
Manyame had more gradual changes in aquatic weed extent than 
Lake Chivero. Proportionally, Lake Chivero has a greater aquatic 
weed infestation than Lake Manyame, suggesting more nutrient 
enrichment in Lake Chivero than Manyame.

Trends in extent of aquatic weeds

Results of the trend analysis illustrate a positive but non-
significant trend in the area under aquatic weeds for Lake 
Manyame based on AWEI (Mann-Kendal tau = 0.139, s = 69,  
p = 0.27) and NDVI (Mann-Kendal tau = 0.129, s = 64, p = 0.307). 
This suggests an increasing trend in areal extent of aquatic weeds 
in Lake Manyame. On the other hand, statistically non-significant 
but contrasting results were obtained regarding trends in extent of 
aquatic weeds in Lake Chivero based on the two spectral indices. 
For instance, while a negative trend was observed in area covered 
by aquatic weeds in Lake Chivero based on NDVI (Mann-Kendal 
tau = −0.06, s = −30, p = 0.6382), a positive trend was observed 
based on AWEI (tau = 0.0036, s = 18, p = 0.7827).

Relationship between aquatic weed extent and 
phosphorus concentration

Figure 10 shows the relationship between aquatic weed extent 
and: (a) phosphorus and (b) nitrogen concentration in Lake 
Chivero. It can be observed that there is strong and significant 
positive relationship between aquatic weed extent and phosphorus  

(R2 = 79.57, p = 0.00122) and weed extent and nitrates 
(R2 = 0.8992, p = 0.0011) in Lake Chivero.

DISCUSSION

The objective of this study was to analyse the spatial and temporal 
variations in the extent of aquatic weeds in two major lakes of 
the Upper Manyame catchment, i.e., Chivero and Manyame, for 
the period 1986 to 2020, based on satellite data. Furthermore, 
the study related aquatic weed extent with nutrient concentration 
levels in Lake Chivero. Results indicate that aquatic weeds generally 
increased over time despite the fluctuations experienced in the two 
lakes, with more variability observed in Chivero than Manyame. In 
addition, the study observed a positive relationship between these 
fluctuations and nutrient loading in the lakes and concluded that 
eutrophication could be driving aquatic weed abundance. These 
results have important implications for water resource management, 
which is key to attaining several sustainable development goals, 
especially SDG 6 which seeks to ensure universal access to safe 
water and adequate sanitation by focusing attention on the quality, 
accessibility, and management of the freshwater supply.

Although the spatial extent of aquatic weeds fluctuated over time, 
there is a general increase in the area occupied by aquatic weeds in 
both lakes. These results are in agreement with general observations 
across the country and across Africa, where several water bodies, 
especially those in urban catchments, are experiencing an 
increase in aquatic weeds (Nyamekye et al., 2021). For instance, 
Dersseh et al. (2020) observed similar trends in Lake Tana in 
Ethiopia while Nyenje et al. (2010) reported an increasing trend in 
eutrophication and aquatic plants in urban areas of sub-Saharan 
Africa. In Zimbabwe, Dube et al. (2014) observed a severe decline 
in water quality in most inland water bodies of Zimbabwe owing 
to point and non-point pollution resulting in eutrophication and 
attendant proliferation of aquatic weeds such as water hyacinth. 
Raw sewage, industrial and domestic waste, as well as infrequent 
garbage collection by city councils are the major point sources 
while agriculture and mining activities constitute non-point 
sources (Magadza, 1997; Chawira et al., 2013; Gufe et al., 2022). 
The general economic meltdown coupled with rapid expansion of 
the city with no commensurate increase in sewer infrastructure 
have been cited as the main reasons for eutrophication, owing 
to poor waste and sewage management practices (Nhapi, 2009). 
The two lakes receive their water from Marimba and Mukuvisi 
Rivers, which are the major recipients of polluted water from the 
two cities (Nhapi et al., 2006). Therefore, proper sewage treatment 
by urban councils could be key to reducing eutrophication in 
tributaries of the two lakes and ultimately the lakes themselves.

Figure 6. Temporal variation in spatial extent of aquatic weeds estimated using NDVI and AWEI in Lake Manyame from 1986 to 2020
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Figure 8. Spatial and temporal variation of aquatic weeds in Lake Chivero from 1986 to 2020 based on NDVI

Figure 9. Temporal variation in spatial extent of aquatic weeds estimated using NDVI and AWEI in Lake Chivero from 1986 to 2020

Figure 7. Spatial and temporal variation of aquatic weeds in Lake Chivero from 1986 to 2020 based on AWEI
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The study revealed a significant positive relationship between 
aquatic weed proliferation and nutrient concentration, implying 
a positive influence of nutrient enrichment on aquatic weed 
proliferation. The observation of a positive relationship between 
the two macronutrients (phosphorus and nitrogen) and increase 
in aquatic weed infestation is not surprising as these two 
nutrients directly influence aquatic weed growth and abundance 
(Nyarumbu and Magadza, 2016). However, our study is among 
the few that have empirically tested the relationship between 
nutrient enrichment and aquatic weed proliferation. Previous 
studies have attributed the increase in aquatic weeds in the two 
lakes to urban agriculture and sewage disposal which enriches 
the water bodies with nitrogen and phosphorus (Nhapi and 
Tirivarombo, 2004; Shekede et al, 2008). However, of the two 
nutrients, nitrogen has a greater influence on aquatic weed growth 
than phosphorus, hence sewage disposal in water bodies has more 
influence on eutrophication than urban agriculture (Kobayashi  
et al, 2008). This in part could explain why Lake Manyame, located 
downstream of Lake Chivero, had relatively stable water quality, 
attributed to nitrogen being the main limiting nutrient instead of 
phosphorus. However, results of this study have demonstrated an 
increase in aquatic weeds in both lakes, suggesting that the two 
lakes are suffering from eutrophication.

Both lakes suffer from aquatic weed proliferation as they lie 
downstream of Harare and Chitungwiza, two major cities 
responsible for discharging partially treated and even raw sewage 
into the Marimba, Manyame and Nyatsime Rivers. These rivers 
play a significant role in the addition of limiting nutrients to 
Lakes Chivero and Manyame (Nhapi and Tirivarombo, 2004). 
Lake Chivero has abundant aquatic weeds relative to its size, as 
it is upstream of Lake Manyame making it the primary receiver 
of the nutrients. Nutrient concentration tends to be less variable 
than water flow but tends to vary downstream (Vogel et al., 2003), 
therefore explaining the difference in nutrient concentration in the 
two lakes. Fluctuations in aquatic weeds can also be explained by 
the rainy season. Shekede et al. (2008) suggest that flooding may 
displace weeds in water bodies and dilute nutrient concentration, 
hence decreasing weed abundance in water bodies.

Where our study differs from previous studies is in testing the 
utility of AWEI and NDVI in mapping the spatial extent of 
aquatic weeds. Although previous studies have demonstrated 
the potential of spectral indices such as NDVI, our study is 
among the first to test the potential of AWEI, a water extraction 
index, in estimating aquatic weed infestations. Unlike image 
classification, spectral indices provide a rapid and more reliable 

way of quantifying aquatic weeds in water bodies. Thus, water 
extraction indices such as AWEI and NDVI provide alternative 
approaches to detecting and assessing dynamics in aquatic weeds, 
which is critical in sustainable water resource management 
(Thamaga and Dube, 2018). However, differences in aquatic weed 
estimates based on the two indices implies the need for caution. 
In this regard, there may be a need to test the influence of different 
thresholds of spectral indices, water body size and depth on the 
estimated spatial extent of aquatic weeds.

A potential weakness in this study is the limited number of 
observations on phosphorus and nitrogen concentration in the two 
lakes that is likely to influence the relationship between nitrogen and 
phosphorus and the aquatic weed coverage. Generally, it is expected 
that the larger the sample size the more likely we are to detect the 
true nature of the relationship between variables. Nonetheless, the 
results presented here are corroborated by previous studies that 
have detected a positive relationship between nutrient enrichment, 
especially of limiting nutrients such as nitrogen and phosphorus, 
and primary productivity in water bodies.

CONCLUSION

The objective of this study was to test the utility of AWEI to 
quantify the spatial and temporal dynamics of aquatic weed 
extent in eutrophic Lakes Manyame and Chivero located in the 
highly urbanised Upper Manyame catchment, Zimbabwe. Results 
from this study revealed that AWEI and NDVI can successfully 
be used to quantify spatial and temporal changes in aquatic 
weeds in highly eutrophic inland water bodies. Moreover, the 
significant positive relationship between aquatic weed extent 
and nutrient concentration implies the need for proper sewage 
management for improving water quality in the two water bodies. 
It can thus be concluded that remote sensing coupled with in-situ 
measurements provide a viable way of monitoring water resources 
towards achiving sustainable integrated management in rapidly 
urbanising environments.
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