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Urban growth is a key process affecting the functioning of natural ecosystems, and consequently the global land-
surface process. This work aimed at establishing the link between land cover changes around Harare
Metropolitan city and the proliferation of aquatic hyacinth (Eichhornia crassipes) in Lake Chivero. Remotely
sensed Landsat series acquired in the year 1973, 1981, 1994, 1998, 2008, 2009 and 2014 was used. Image
classification was implemented to map the associated changes over time using discriminant analysis algorithm.
Derived thematic land cover maps showed that agricultural land increased from 2% in 1973 to a 5% in 1981

reaching up to 30% in 2014, whereas the city's land area significantly (p < 0.05) increased between 1973 and
1994. However, water hyacinth constantly increased over time. The spatial and temporal resolution of Landsat
images detected land cover changes and the proliferation of aquatic hyacinth (Eichhornia crassipes) in the Lake

Chivero over time.

1. Introduction

Urban growth is a key process affecting global climate change, due
to the modification of the existing functioning of natural ecosystems,
and consequently the global land-surface process. In the past three
decades, the world population has drastically increased, with half of it
currently living in cities. The highest rate of urbanization in the de-
veloping world, are largely linked to urban economic growth, rural
migrations, amongst other factors. Consequently, urban development
management strategies have increased in their scope and complexity
(Caldwell, 1969; Fields, 1975; Gaidzanwa, 2016; Mberu, 2016;
Muchadenyika and Williams, 2016). Cohen (2006), has, however, re-
ported that the speed and sheer scale of urban growth in third world
cities surpass their ability to deliver sufficient basic services to their
citizens, thus urban management remains a serious challenge today.
Urban growth trends also imply a high land demand for the new set-
tlements and agriculture to meet population food needs. Global statis-
tics indicate that more than two-thirds of the urban population is below
the poverty line (Chant and Datu, 2015; Duque et al., 2015;
Satterthwaite, 2003; Tacoli et al., 2015). Seventy percent of cities' in-
habitants live in slums (Bhattacharya et al., 2012; Chen et al., 2013;
Cohen, 2006; Von Braun, 2007; Wu et al., 2013), with inadequate water
and sanitation infrastructures, poor health conditions and a lack of
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social cohesion or individual rights. This situation has an effect on the
surrounding natural environment; inducing greater strains on the
countries’ already stressed resources (Bhattacharya et al., 2012; Booth
et al., 2013; Chawira et al., 2013; Dlamini et al.; Dube et al., 2014;
Mberu, 2016).

Literature shows that urban expansion results in the replacement of
natural land covers for impervious surfaces, inducing an increase in the
surface temperature (Adam et al., 2014; Booth et al., 2013; Chawira
et al., 2013; Mushore et al., 2016; John Odindi et al., 2012), modifying
land-surface energy processes (Carlson and Arthur, 2000; Clark et al.,
2010). Therefore, reliable, up-to-date and detailed urban land use and
the land cover spatial information is, therefore, required to ensure an
efficient land use planning, so as to minimize the alterations in the
biophysical environment. In aquatic environments, especially in de-
veloping countries were the poor waste and sewage disposal is a
common phenomenon. Urban growth can lead to water quality dete-
rioration and lake eutrophication (Kibena et al., 2014; Masamba and
Mazvimavi, 2008; Palamuleni et al., 2011; Wear et al., 1998). Waste
and leachates become the primary nutrient source for the aquatic in-
vasive species, water hyacinth (Eichhornia crassipes). The United States
of America use over hundred million US dollars per year in the removal
(by means of mechanical and chemical processes) of these invasive
species from freshwater bodies (Hestir et al., 2008; Parochetti et al.,

Received 7 April 2017; Received in revised form 1 June 2018; Accepted 23 September 2018

Available online 17 October 2018
1474-7065/ © 2018 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/14747065
https://www.elsevier.com/locate/pce
https://doi.org/10.1016/j.pce.2018.09.010
https://doi.org/10.1016/j.pce.2018.09.010
mailto:tidube@uwc.ac.za
https://doi.org/10.1016/j.pce.2018.09.010
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pce.2018.09.010&domain=pdf

T. Dube et al.

Physics and Chemistry of the Earth 108 (2018) 19-27

17°500°S

17°550"S

§ ¢ \i [ urbantuit up areas|
. y2e !
\ > ’ Sl i 1 Roads
|
NS P I ) Lake Chivero
S > ) 2 B (
h 5 - =W Rivers
’ i )
30°450°E 30"S0'0°E 30°S50°E

. 1. Location of the study area.

17°500°S

17°550"S

2008).

In Zimbabwe, particularly Harare metropolitan city, most inland
waterbodies are facing severe water pollution, accompanied by high
rates of invasive species proliferation. Previous work has established
that Lake Manyame and Chivero stand as the most polluted sources of
the city's water resources, with more than half of their surface covered
with invasive water weeds (Chawira et al., 2013; Shekede et al., 2008).
Field surveys have shown that most of the pollution comes from the
improper and illegal disposal of domestic and industrial waste, re-
sulting from infrequent garbage collection, as well as from the use of
inorganic fertilisers. Accurate and reliable information on land use and
land cover dynamics in urban cities is therefore crucial for developing
robust urban monitoring and planning protocols, and for devising well-
informed mitigation plans. To be able to develop a robust and appro-
priate policy document, relevant information at various spatial (from
detail to regional ones) and temporal scales, is necessary for decision
making, up-to-date land use and land cover national databases are re-
quired. This information can assist city authorities and other interested
stakeholders to accurately project and design urban growth strategies,
and also monitor the associated impacts on the environment.

Previous studies show that land use and land cover mapping accu-
racy depends on the mapping scale and the satellite images’ spatial,
temporal and spectral resolution used (Mushore et al., 2016). Urban
land cover and land use changes have been usually mapped, using sa-
tellite data with varying characteristics, mostly medium to coarse
spatial resolution images (Clark et al., 2010; Langner et al., 2007;
Loveland et al., 1991). Although urban land cover can be detected,
using these datasets, their coarse spatial resolution (300-1000 m) hin-
ders their use in smaller urban areas, such as Harare metropolitan area
(60.6 km?). Even when high spatial or spectral resolution data (e.g.
Worldview satellite or hyperspectral data) would be more suitable for
these areas, their high cost and low temporal resolution is key for
monitoring land changes, also hinder their use in this study (Adam
et al., 2014).

In comparison, the medium-resolution 30-m Landsat satellites series
data (since its inception in 1972 to the present) provides the most at-
tractive and suitable data-source required for mapping the extent of
land use and land cover changes in these urban areas (Mushore et al.,
2016). Previous studies, using Landsat images for mapping urban LULC
changes so far, focussed on single date mapping. (Gumindoga et al.,
2014; Mushore et al., 2016) and this information is not enough to es-
tablish the changes. Due to the open access nature of the Landsat
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archive, it is possible to take full advantage of this data to reconstruct
the long-term history of urban expansion. Landsat series data have
demonstrated its strength for mapping vegetation cover, urban heat
island (Mushore et al., 2016; JO Odindi et al.,, 2015), land cover
changes and water accounting (Cletah Shoko et al., 2015; C. Shoko
et al., 2016). However, most of the previous studies were based on long
temporal intervals (10-year time step) with a categorical thematic scale,
hence unable to reveal the complete changes over time. Besides, none of
these studies have attempted to link urban growth to the proliferation
of invasive water weeds in the surrounding freshwater ecosystems. The
objective of this study was to establish possible relations between urban
changes and the proliferation of the aquatic hyacinth (Eichhornia cras-
sipes) in Lake Chivero.

2. Materials and methods
2.1. Study area

Remotely sensed data were used to analyze LULC changes and their
implications on the freshwater ecosystems. The study was conducted
over one of the main water sources for Zimbabwe capital city: Lake
Chivero (formerly Lake McLlwaine). Lake Chivero is located on the
central plateau at an altitude ranging between 1300 and 1600 m, with a
surface area of ~6100ha. This Lake does not only supply water to a
variety of human activities (i.e. human consumption, irrigation, con-
struction, etc); but it also provides habitat to a number of endogenous
birds, fishes and ungulates. The study hypothesised that population
growth can alter the state of this freshwater ecosystem. Nowadays the
lake is inhabited by invasive plants, such as water hyacinth (Eichhornia
crassipes), due to the excess effluent into the system (see Fig. 1).

2.2. Remotely sensed data

To determine LULC dynamics over the metropolitan Harare area
and to monitor the changes, seven Landsat images covering a period of
40 years (1973, 1981, 1994, 1998, 2008, 2009 and 2014) were used.
Detailed information on the selected images is provided in Table 1. The
criterion used to select the images was the cloud cover. For this study
images acquired during the dry season were used. The Landsat image
bands were layer-stacked in ENVI 5.1 software, using the nearest
neighbourhood resampling technique. The selected images were then
corrected for atmospheric effects, using the FLAASH model.
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Table 1

Detailed information on the selected Landsat images.
Year Acquisition year/Day/Month Sensor
1973 1973/24/8 Landsat 1
1981 1981/13/4 Landsat 3
1994 1994/24/9 Landsat TM 5
1998 1998/30/8 Landsat TM 5
2008 2008/25/6 Landsat TM 5
2009 2009/14/6 Landsat TM 5
2014 2014/30/4 Landsat 8 OLI

Radiometric correction was conducted following the method by X. Pons
et al. (2014) and Xavier Pons and Solé-Sugranes (1994). Landsat images
were acquired in Digital Number (DN) value format and then calibrated
to radiance [Wm ~%sr~'um '], based on the method by Chander et al.
(2009).

2.3. Field surveys

Field surveys, aerial photographs and Google Earth data were used
to validate image classification results both historic and current. This
was based on the usual practice in literature where historical images are
validated using topo-maps. Burned areas, cultivated, areas, grasslands,
shrub/indigenous forest, urban areas, water bodies and water hyacinth
land cover types were considered in this study. During the field surveys,
locations of land cover types of interest were recorded, using a hand-
held Global Positioning System (GPS) to an accuracy of less than 5m.
These locations were imported into a geographic information system
and converted into point maps, also compared with points generated
from the aerial photographs. The point maps were then overlaid on
satellite images and used to extract radiances for each land cover type.
The same process was implemented on all images considered for this
study. The extracted point data were then randomly split into training
data (70%) and testing data (30%).

2.4. Statistical analysis and classification

2.4.1. Analysis of variance

Analysis of variance test (ANOVA) was used to determine if there
were significant differences amongst the radiance of the different land
cover types. Dunnett's post hoc tests were then applied to assess whe-
ther significant differences could be established between water hya-
cinth and different land cover types. Furthermore, they were used as a
pre-filter to trim out redundant wavebands. Then for land cover clas-
sification purposes, only the bands that yielded a significant difference
between the types were used.

2.4.2. Discriminant analysis

To differentiate and classify different land cover types we used
Discriminant Analysis, which applies a function based on the squared
distances between class types, providing cross-validated results. To
design the discriminant functions the DA method groups the wave-
lengths into components (latent factors) that are then used to dis-
criminate different land cover types. This analysis provides eigenvalues
that determine the robustness of each specific cluster of wavebands in
discriminating different cover types. The contribution of each wave-
band in a component is derived, using eigenvectors (variable scores),
thus the wavebands that better discriminated the land cover types were
the ones exhibiting higher variable scores. During the classification
process, the DA algorithm first administered statistics, such as the Box
test (Chi-square asymptotic approximation), Box test (Fisher's F
asymptotic approximation), Mahalanobis distances, Wilks' Lambda test
(Rao's approximation) and Kullback's test. The two Box tests and the
Kullback's test were conducted to test whether the covariance matrices
are equal between the groups. Specifically, the HO hypothesis we tested
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was that the within-class covariance matrices of different land cover
classes were equal whereas H1 tested that the within-class covariance
matrices of different land cover classes were different with alpha at
0.05. The Wilks' Lambda test, as well as the Mahalanobis distances,
were conducted to tested whether the vector of the means for the
various land cover groups was equal or not (alpha at 0.05).

As a prerequisite, different group covariances that did not exhibit
any significant differences were not considered in this study; hence the
results are not reported in this work. All the tests illustrated a sig-
nificant classification capability (a < 0.05). Subsequently, DA con-
ducted classification after all the tests’ assumptions was met and con-
fusion matrices were then derived from the cross-validated
classification results. DA classifications were performed in XLSTAT.

2.5. Accuracy assessment

To conduct land cover classification accuracy assessment, we used
quantity disagreement and allocation disagreement techniques.
Quantity disagreement involves the sum of the least perfect matches
between the training (70%) and the testing (30%) datasets of each land
cover type. The quantity disagreement follows when the column total of
a land cover class deviates from the row total of that class in a confusion
matrix. The remainder of disagreement is allocation disagreement. To
calculate the agreement between the training and testing datasets, we
subtract the two disagreements from 100%. In order to compare the
correct land cover classes allocated by DA and to compute overall ac-
curacy, confusion matrices generated following section 2.4.2 were used.

2.6. Changes in the spatial extent of land cover types

We quantified the area occupied by each land cover type for the
entire study period and expressed it as a proportion of the entire study
area. This enabled a comparison and evaluation of land cover changes
within the time periods of 1973-1981, 1981-1994, 1994-1998,
1998-2008, 2008-2009 and 2009-2014. We also assess whether there
was an association between land cover changes around the lake and the
area occupied by water hyacinth in Lake Chivero. A test of proportions
was conducted, in S-Plus version 8 software, to test if there were sig-
nificant changes in the areal extent of the land cover types in the stu-
died period.

3. Results

The ANOVA test was used to assess the differences between water
hyacinth and other land cover types (Fig. 2). The results demonstrated
significant differences (o < 0.01) between water hyacinth and other
land covers. For the year 1973, 1981, 1994, 2008 and 2009 images, the
post hoc test showed that water hyacinth could be successfully dis-
criminated from other land cover types, using Landsat bands 4, 5, 6 and
7.

Fig. 3 shows the derived land cover types, including water hyacinth
between 1973 and 2014. It can be observed that in the year 1973 the
distribution of shrublands/indigenous forest was more dominant than
other land cover types. Between 1973 and 1981, the urban area was
proportionally small, but between 1981 and 1994, a significant increase
can be noted. From the year 1998 and 2014, the results indicate that the
distribution of built-up areas increased and later declined. The dis-
tribution of water hyacinth was relatively limited to small spatial ex-
tents located at the mouth of the lake in 1973. In 1994 water hyacinth
increased its distribution, and later decreased in the year 2008 and
2009, limited occurrence along the banks of the lake Based on our data,
in 1981 and 1998 no water hyacinth was detected, however, this may
be attributed to classification model error.

The results showed high classification accuracies, with maximums
of 84% (1981) and minimums of 17% (1998) (Fig. 4). It can be ob-
served that the agreement across land cover types is higher than the
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Fig. 4. Derived classification and overall accuracies.

combined omission and commission for most of the years, except for
1994 and 1998, also for the water hyacinth.

Fig. 5 show the area occupied by each land cover type based on each
image date. In 1973 and 1981 shrubs and indigenous forests had the
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highest area in relation to other land cover types. However, a sharp
declination was observed in 1994 and 2008, except for the year 1998
was a slight improvement was observed. In the year 2009 and 2014 fast
recovery was observed. Cultivated areas increased mostly during the
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Fig. 6. Significant differences (a = 0.05) in the area occupied by water hyacinth between the year 1973 and 2014.

period between 2008 and 2009. Urban areas were proportionally
smaller than other land cover types between 1973 and 1981, with a
significant increase from 1994 to 1981, decreasing in the year 2008,
2009 and 2014. Water hyacinth gradually decreased between 2008 and
2014 (Fig. 6a), with significant differences (o = 0.05) in the proportion
of area occupied by them during the study period (Fig. 6b).

4. Discussion

Continuous, accurate and reliable land use and land cover change
information is central to providing guidance to policymakers and urban
managers’ decisions and to develop effective land use planning and
environment conservation strategies. The aim of this study was to es-
tablish the link between land cover - land use changes and urban
growth in Harare metropolitan (Zimbabwe), between 1973 and 2014,
using Landsat satellite series data. This work produced the first updated
thematic land cover maps for the city of Harare (Zimbabwe). The re-
sults can be used as baseline information for future land cover assess-
ments and planning purposes.

Landsat series provides key information to understand Earth eco-
systems and how they respond to natural and human-induced changes,
improving their monitoring and maintenance. Due to the sensor spatial
resolution (30 m), it was possible to map the complex urban land cover
dynamics based on each land cover spectral properties. The study de-
monstrated that bands 4, 5, 6 and 7 of the Landsat series data can be
used to successfully map urban land cover change dynamics. Results
based on these spectral bands showed that continued land conversion
for urban, industrial, agricultural and recreational purposes, fragment
the previous intact ecosystems and vice versa.

Land use and land cover change dynamics observed in this study

reveal that the area has been subject to different changes over time.
Changing patterns around the city have transformed the landscape from
naturally vegetated areas spread between the hydrological channels to
residential, commercial and recreational areas and vice versa. The de-
rived thematic maps show that agricultural land increased from 2% of
the area in 1973 to 30% in 2014 whereas built up areas decreased in the
late 1990s and early 2000.

During the year 1973, the spatial distribution of forests around
Harare was more dominant than other land cover types. In the year
1981 and 1994, a significant increase in the built-up area was observed.
This trend can is associated with an increase in the urban population
illustrated in Fig. 6 based on the World Bank statistics (https://data.
worldbank.org). For instance, in 1981 the urban population was sitting
at 23% of the total population and it increased to 31% in 1994 (Fig. 7).
These trends could be attributed to the colonial settlements bylaws that
restricted urban areas to white communities, while black people were
restricted to rural areas (Zinyama and Whitlow, 1986). From an en-
vironmental perspective, this resulted in less pressure on the environ-
ment e.g. natural forest and on freshwater ecosystems. However, soon
after Zimbabwean independence in 1980 a sudden decrease in forested
areas and an increase in settlements and farmlands can be observed
(Moyo, 2000; Sibanda et al., 2016; Zinyama and Whitlow, 1986). This
is attributed to the changes in the country government, which resulted
in the freedom of movement between rural and urban areas, with no
restrictions on the basis of colour. Thus, people started to migrate from
rural areas to the cities, increasing the demand for infrastructures, land
for settlements and agriculture, energy and water supplies, resulting in
a visible clearance of the formerly intact forested areas of these period
images. Consequently, these changes resulted in increased pressure on
the environment, as well as on urban services delivery and waste
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management practices.

Water hyacinth increased from an areal extent of 350 ha in 1973 to
about 550 ha in 1994, may be due to high organic pollution draining
into the lake. Then after it slightly decreased between 1994 and 2008.
In the year 1973 water hyacinth was relatively limited to small areas
located in the mouth of the lake (Chawira et al., 2013; Nhapi, 2009).
Literature shows that the lake was invaded by water hyacinth, Eich-
hornia crassipes during the early 1970s, where it was classified as hyper-
eutrophic with extensive algal and macrophytic infestations and de-
oxygenation (Chawira et al.,, 2013; Nhapi, 2009). Meanwhile, the
comparatively high rates of water hyacinth during 2008 can be asso-
ciated with the economic meltdown in Zimbabwe between the year
2000 and 2008. The economic meltdown led to poor waste and sewage
management practices, resulting in the nutrient concentration rising in
the surrounding freshwater ecosystems leading to eutrophication
(Nhapi, 2009).

Conclusions and future work

The results have shown that:

—

. Landsat series data can detect land use and land cover dynamics and
possible impacts on freshwater ecosystems.

i. Derived thematic maps show that for the Harare Metropolitan City,
agricultural land increased from 2% of the area in 1973 to 5% in
1981, to 30% in 2014. The city size increased from 1973 to 1994
and decreased the years after (1998 and 2004).

Water hyacinth increased with an increase in urban growth, espe-
cially between the year 1981 and 1994, as well as 1994 and 2014.
Landsat bands 4 (0.630-0.680), 5 (0.845-0.885), 6 (1.560-1.660)
and 7 (2.100-2.300) can be used to successfully map land cover
changes and this could be attributed to the sensitivity of these bands
to subtle vegetation properties.

—
=

iii.

=

iv.

The Landsat series data offers unique, valuable and reliable histor-
ical and current information, required for a successful monitoring of
land cover and land use change dynamics. This information can be used
as baseline information for future land cover assessment and planning
purposes. However, future work is needed to better capture the changes
in the city by increasing the number of images over the period. Overall,
the study provides new insights on water hyacinth spatial growth dy-
namics over the years and agricultural expansion in freshwater eco-
systems surrounding urban areas in medium-size settlements.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.pce.2018.09.010.
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