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Abstract: Landscape heterogeneity in biodiversity conservation areas can be represented by the size of the geographic range of
vegetation cover types and their species composition; and is reflected in historical and contemporary LULC (Land Use/Cover). This
study assesses LULC changes in a predominantly vegetated Incalaue river basin in NSR (Niassa Special Reserve) for the years 2001,
2009 and 2019 to recommend conservation targets. LULC was mapped using the best available Landsat imagery of the area which
were L7 EMT+ (Landsat 7 Enhanced Thematic Mapper), L5 TM (Landsat 5 Thematic Mapper) and L8 OLI (Landsat 8 Operational
Land Imagery). Image classification and remote sensing analysis were done using images of 30-meter resolution using the maximum
likelihood supervised classification on ArcGIS ArcMap 10.4.1. Results showed that there were gains in area cover for taller vegetation
classes with the major ones being MDW (Medium Density Woodland) which increased by 51.07%; MFS (Mountain Forests) by 36.41%;
and HDW (High-Density Woodland) by 17.95% over the studied period. NDVI (Normalized Difference Vegetation Index) maps show
2019 with wetter vegetation than 2001; and both wetter than 2009. The spatially dominant vegetation-class was MDW (Medium
Density Woodland) covering 27.29% of the basin area largely in the elevation band 410-430 m a.s.l. Vegetation classes do not
necessarily follow landform with rocky upstream section (440-510 m a.s.l) having MFS which also existed in lower altitude areas (370-
430 m a.s.l); and woodland being randomly distributed across the basin while there was also WET (Wetland) in both upstream and
downstream. There are multiple vegetation species localized in distribution in the landscape which makes these to be hotspot areas for
conservation. Local people in the human settlement areas of Ntimbo 1 and Lisongole recognize vulnerability of ecosystems,
environmental change as well as human land use/cover and climate change as the main threats. There was a large increase in human
settlement area (104.17%) over the study period and this shows a need for mitigating community-wildlife conflict especially along the
green vegetation riverine areas during the dry seasons. The study showed need for a plan for human LULC away from wildlife
vegetation hotspot areas; identification and consideration of area-demanding threatened species that require landscape scale
conservation; and prevention of degradation and loss of water source hotspots for wildlife as well as conservation of sensitive and
localized vegetation species. The Mozambican land law allows individual ownership of land by citizens even in conservation areas
which creates a danger of human-wildlife interactions; risks land encroachment deeper into the reserve; and potentially causing
environmental degradation of this sensitive ecosystem hosting humans and wildlife so there is need for consistent and conservation
targeted environmental research to inform policy and LULC decisions.
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1. Introduction environmental management in river catchment areas

. hereafter referred to as river basins. Natural vegetation
LULC (Land Use/Cover) data are important for
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cover spatial and temporal distributions are indicators
of environmental water availability and this is
important knowledge in river basin management [1, 2].
LULC changes resulting in biomass reduction in
landscapes negatively affect water balance in river
basin [3]. Biomass production in landscapes has been
shown to have a positive relationship with water
availability for dependent ecosystems [4, 5]. The nature
and coverage of vegetation biomass coupled with
variations in freshness give an indication of soil water
availability [6, 7]. Landscapes mosaics of LULC occur
in different geometric and spatial arrangements and this
is necessary information for sustainable water
resources management especially under climate change
and increasing land use change global pressures [8-10].

Knowledge of vegetation-cover patterns and
structure and hydrologic connectivity is important for
understanding soil and groundwater systems in water
resources management [10-12]. Spatial patterns in
vegetation LULC can reflect
hydrogeology and this knowledge is important to
understand water sources from an ecological
perspective in water resources management [13].
Forested landscapes are prone to disturbances from
local land use changes, extreme climatic events,
wildfires, atmospheric pollution and invasive species
which affect the provision of forest goods, and
environmental services and functions [14].

Vegetation influences ET (Evapotranspiration), soil
water infiltration, surface runoff as well as organic
matter and soil moisture processes and functions in
river basins [15]. LULC changes can have increase or
reduction impacts on ET and runoff [12]. LULC
patches on a landscape are indicators of environmental
water availability reflected in biomass production and
vegetation community succession which is important
knowledge in river basin management [6]. Knowledge
of LULC patterns and dynamics for a landscape is
important for water resource managers as it can give
indication of landscape water contributing areas and
monitoring areas for hydrological changes [16].

environmental

Vegetation spatial pattern characterization in a
landscape is important in environment management to
understand connectivity of locations [17]. Heterogenic
units play complementary roles in modifying the water
regime and knowledge of their complementarity is
important in water resources management in river
basins [18, 19]. Landscape heterogeneity is also shown
in spatial vegetation patterns which are dependent on
water availability. Topographic gradients define water
storage in a river catchment and are influential in
vegetation growth patterns [20, 21]. LULC such as
deforestation or agricultural intensification is a key
driver of biodiversity changes manifested in species
richness and abundance alterations [22].

Environmental impacts of LULC are often
exacerbated by human population growth in river basin
where they exist [23, 24]. Information on changes in
spatial pattern of vegetation cover in a landscape is key
in environmental management to understand the
connectivity within ecosystems [25]. Heterogenic units
play complementary roles in modifying the water
regime and knowledge of their complementarity is
important in water resources management in river
basins [18, 19]. Presently, the world is experiencing
climate change as well as LULC effects resulting from
population pressure; and this has effect on vegetation
which can be a challenge in wildlife conservation areas.
Uncertainty in vegetation landscape cover dynamics
and atmospheric weather water cycle factors mean an
uncertain future in environmental management [26].

The ecosystems’ capacity to provide services for
mankind can be constrained by changes in the
environment, including climate and human-induced
LULC [27, 28]. Understanding dynamics in LULC is
important for water resources management in the wake of
climate change and increase in human degradation of
natural ecosystems this had come with global
population increase [29]. LULC change has been
identified as an environmental challenge that needs
more research in land-atmosphere interfaces [30].
Ecosystems and change research is necessary to provide
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knowledge for integrated water resources management
in river basins [13, 31]. Full understanding of land-cover
influence on hydrological processes in a landscape
requires comprehensive spatial analysis across
topographic divides [32]. Vegetation ecosystems
patterns represent factors of soil water, stream flows
and groundwater in landscape patches [33-35].

A landscape approach is required for managing
green landscapes and this depends on rigorous
quantification of the composition and structure and
spatial dynamics [36]. A landscape mosaic approach is
useful for LULC analysis in landscapes that have
spatially heterogenous mosaics of patch types over time
[37, 38]. In this paper, LULC change in Incalaue river
basin in NSR (Niassa Special Reserve) was assessed
over 20 years from 2001 to 2019 in a landscape context
with a focus on vegetation cover classification. NSR
landscape has a unique vegetation strata organization
comprising a mixture of MFS (Mountain Forest), LDW
(Low Density Woodland), MDW, HDW (High Density

Woodland) and WGL (Wooded Grasslands) vegetation.

A vegetation study on LAI (Leaf Area Index) in NSR

shows potential variability in landscape hydrology [39].

There was reported vegetation difference in hydrologic
characterization of Dambos which are dry season water
points [40]. The fact that Incalaue river basin is in a
national reserve area with human settlements calls for
a thorough understanding of the landscape LULC and
the implications for wildlife conservation and people.
Climate and LULC affect landscape processes and
have an impact on biodiversity and ecosystem services
[41]. The effect in Incalaue basin in NSR and regional
Miombo ecosystem remains unknown with a need to
document specific evidence [42, 43]. This remains a
challenge in this area when LULC effect mitigation
efforts require information on the cause-effect
relationship in a landscape context. This study targeted
to explore, in specific variations in LULC in sub-basins
as landscape units [44]. The specific objectives of this
study were to (1) quantify change in vegetation cover;
and (2) understand the relationship between changes in

land-cover and landscape positions at the catchment
level.

2. Materials and Methods
2.1 Study Area

Incalaue basin (697.02 Sg. km) is located in NNR
(Fig. 1). NSR is approximately between the latitudes
12<8'40" N and 12<22'40" N; and 37<21'00” E and
3745'00" E in Northern Mozambique. The river basin
was delineated using ArcHydro extension in ArcGIS
10.4 and sub-catchments labeled using default
generated by FID (Feature ID). NSR is the country’s
largest protected area, spanning 42,300 km? and is one
of Africa’s most iconic wilderness areas and the largest
and best preserved of Miombo woodland left in
continent [45]. The most ecologically important tree
species in the reserve by the importance value index are
Julbernardia globiflora (Benth.) Troupin,
Diplorhynchus condylocarpon (Mull. Arg) and
Brachystegia boehmii Taub [46]. There are reportedly
small and big wildlife in the study area [47]. Incalaue
basin hosts community settlements in two settlement
areas of Ntimbo 1 and Lisongole. The area is a wildlife
migration zone to a bigger and permanent Lugenda
river downstream during the dry season as the small
rivers get dry in this area with a tropical sub-humid and
drought-prone climate [45]. The human settlements in
the river basin means human harvest of ecosystem
resources, which is a threat to wildlife habitats and
potentially crates a human-wildlife conflict [31].

2.2 Research Design

The approach used was to study was to map LULC
and add an extra analysis for vegetation cover by
assessing organization and transitions of classes in the
catchment over 20 years. A decadal analysis of LULC
for 2001, 2009 and 2019 was done. Emphasis was
placed on zoning vegetation classes which reflect cover
density in satellite images of the landscape. This was
supported with selection of land cover sites identified
from both Google map and visually on the ground (Fig.
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1). This strategy helps in capturing the beta diversity
within the study area [48]. Vegetation classes were
assessed based on characteristics of topography using
NDVI (Normalized Difference Vegetation Index) as
an indicator of density. Analysis of spatial and temporal
patterns of vegetation cover was carried out on the basis
of sub-basins since these are river flow contributing
landscape units. Land cover transition and spatial-
temporal statistical analyses were used to discuss
spatial and temporal changes.

2.3 Data Collection

Potential specific representative areas for different
LULC classes were identified using rectified and geo-
referenced Google satellite images in ArcGIS 10.4
software. Onscreen digitizing of polygons containing
homogenous areas of vegetation reflected in the images
was performed. In each LULC class, two training sites
were selected and these were confirmed on the ground
during fieldwork [49]. GPS (Global Positioning System)
coordinates were collected at representative points
during preliminary field visit. Trainings points for each
vegetation class were eventually selected and digitized
based on ground visits. Identification of sites was done
visually while walking through the reserve to target
class representative points [50].

Polygons of 50 m x50 m containing homogenous
areas of vegetation for different land-cover classes
were selected using geo-referenced Google satellite
images in ArcGIS 10.4 software. Onscreen digitization
of these Google images was used to confirm vegetation
density in these polygons. Two polygons were chosen
for each vegetation class. Each polygon was divided
into 25 plots of 10 m <10 m. One of the plots of 10 m
% 10 m in an accessible location in each vegetation
polygons would be selected for field vegetation
mapping. In selection of study plots, chance was
ensured by randomly choosing one plot from the 25
plots. If a chosen plot was inaccessible for vegetation
sampling, the nearest accessible one was chosen. Two
survey polygons were available for other classes but

only one for WET (Wetland) as this area was very risky
in both dry and wet season due to wildlife.
Identification of sites for laying plots (field points) in
vegetation classes was done by tracking to a location
using a GPS (Garmin eTrex) which has ~3 m accuracy.
Field data were collected in November and December
2009 for end of dry season and in April and May 2020
for end of the wet season. The end of seasons sampling
was done to fully characterise vegetation species
composition.

Mapping and analysis of LULC change was conducted
using RS (Remote Sensing) and GIS (Geographical
Information System). River basin delineation was done
using 30 < 30 m DEM (Digital Elevation Model)
obtained from the USGS (United States Geological
Survey (https://earthexplorer.usgs.gov/). To investigate
historical changes in LULC, we obtained and classified
the best available satellite images for the area which
were Landsat-7 EMT+ (2001); Landsat-5TM (2009);
and Landsat-8 OLI for 2019 (Table 1). Images were
downloaded from Path 069 and Row 321 and all had
less than 20% cloud cover. Landsat images are good for
land-cover mapping [51]. Landsat satellite scenes were
obtained from the USGS archives
(https://ers.cr.usgs.gov/).

Satellite images captured between July and
November (dry season) when the sky is mostly clear
were used. This is the time when vegetation is clear
excluding flush vegetation. Ancillary data used were
from GCP (Ground Control Points) and TM
(Topographic Map) at a scale of 1:50,000. Location
points representative of land-cover classes were chosen
for this study.

The images were atmospherically corrected using
Dark Object Subtraction procedure to minimize the
atmospheric impact on the sensor [52]. This method
searches and removes dark pixel values. Point-based
classification was used to map LULC in the area given
the wild reserve nature of landscape [53].

Vegetation mapping was done by adopting an
existing description of LULC classes in the reserve
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which was for our landscape multi-year coarse
vegetation cover analysis [44]. In order to classify
vegetation groups sharing similar floristic composition
and structure, we based on the relationship between
reflectance values of satellite imagery mapped LULC
types combining WGL and wooded gallery grassland

to map them as WGL [54]. Accordingly, vegetation
classes used were MDW, HDW, WGL, LDW, MFS, as
well as WET. Other LULC classes included RBA
(Recently Burned Area), ISL (Inselbergs) and BUL
(Built-Up Area).

Legend

@ Vibge
®  Field point

B River Lugenda

Incalave Catchment boundary
Parish boundary

Fig. 1 Vegetation classification point locations.!

Table 1 Source and characteristics of images used.

Satellite Data Path/Row Image Date Number of Bands Spatial Resolution
L7 EMT+ 166/069 08/11/2001 3 30m
L5 T™M 166/069 17/07/2009 3 30m
L8 OLI 166/069 13/017/2019 3 30m

! Field points were chosen at accessible places because the study
area is a wildlife reserve area.



Journal of Environmental Science and Engineering A11 (2022) 13-34

doi:10.17265/2162-5298/2022.01.003

2.4 Image Processing and Analysis

Haze Reduction Procedure based was used based on
Tasseled Cap Transformation Algorithm on our
Landsat images. Exclusion masks were put on “no-data”
areas for the images with high haze content or compact
clouds (> 10). At the end of this stage, we obtained a
set of normalized multiband images and RGB (Red,
Blue and Green) composites. The usable band numbers
for RGB viewing were 4, 3, 2 for 2019 and the same
for 2009; and 3, 2, 1 for 2001 as given above. Image
classification was done in ArcGIS 10.4 and ENVI
5.1software version. Our data processing steps
included image acquisition, pre-processing and
classification. Supervised image classification was
verified using Google reference and ground truthing
data from the field.

The next step was filtering and accuracy assessment
for classification acceptability assessment and this was
done using Google map images [50]. The classified
images of 2001, 2009 and 2019 were then used for
change detection and comparisons.

2.4.1 Satellite Image Processing

Comparative analysis of Landsat data is possible
when you reduce errors related to ache sensor, noise
from several sources, and uncertainty in scale and
geometric conditions [51]. Preprocessing satellite using
field collected data was done to minimize those errors.

Radiometric correction was done in ENVI 5.1 where
raw data from the sensors (DNs) were converted to top-
of-atmosphere  reflectance. The images
atmospherically corrected using Dark Object Subtraction
procedure to minimize the atmospheric impact on the
sensor [55]. Images were pre-georeferenced for WGS
84/UTM (World Geodetic System 1984) zone 37S. A
composite with natural colors was created combining 3
colors, i.e. red, green and blue. Geometric correction of
the 2019 Landsat-8 OLI using the field GPCs taken
from TM at a scale of 1:50,000 provided the basis for
the 2001 and 2009 image-to-image registration [51].

The study benefitted from use of Landsat-5TM

were

image for 2009 as this avoided the effect of those
missing data in 7 ETM+ for this year due to SLC (Scan
Line Corrector) failure from 2003 till 2013 that would
result in data losses [51]. There is slight passable error
in Landsat-5 TM in some applications, such as
monitoring land use change and crop quality but this
does not significantly affect classification for our
purpose [56]. The resolution of Landsat-8 OLI imagery
and Landsat-7 ETM+ was sharpened from 30 m to 15
m by merging spatial data in the high-resolution
panchromatic bands with color information in the
multispectral bands using the nearest neighbor
diffusion pan sharpening technique to create a higher
resolution colour image that improves mapping and
classification accuracy [51]. Given that panchromatic
band is not available for Landsat-5 TM image captured
in 2001, we also resampled data from 30 to 15 m using
the nearest neighbor technique to ensure consistency
with OLI and ETM+ data used for other years in this
study [51].

2.4.2 Image Classification

Satellite image classification is used to assign
different spectral signatures to pixels into finite number
of vegetation classes [51, 57, 58]. Effective satellite
image classification for land-cover mapping was
possible for this largely inaccessible landscape using
the approach of Alawamy et al. [51]. This study used
existing knowledge of land use/cover in the wider area;
reconnaissance field survey; and information from
previous studies to map vegetation cover.

Image classification was done using algorithms in
ENVI software version 5.1 for spectral reflectance
clustering to determine land-cover spectral classes for
the catchment delineated [59]. Sub-catchments
separation and labels thereafter are default generated by
FID. The images were atmospherically corrected using
Dark Object Subtraction procedure to minimize the
atmospheric impact on the sensor [52]. Dark Object
Subtraction is an empirical atmospheric correction
method for satellite imagery used to bring out the pixels
that are hidden in complete shadow [60]. Point-based
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classification was used to map LULC in the area given
the wild reserve nature of landscape and this approach
has been used in previous studies [53].

Two methods of classification were used to classify
the composite images. Iso Cluster unsupervised
classification was done and maximum likelihood
classification used create a classified raster output. The
combination of supervised and unsupervised
classification was used for land-cover mapping to
confirm accuracy of classification. Emphasis was
placed on zoning vegetation classes (Fig. 1). This
strategy helps in capturing the beta diversity within the
study area [48].

2.4.3 Classification Accuracy Assessment

Classification accuracy was tested using Kappa
statistics [61, 62]. A set of 100 random points were put
on a Google Earth image and Kappa statistics analysis
was performed using the form below.

K

N oy i —XNi-a Gatx+d (D)

NZ— Y7, (+x+i)

where,

r = Number of rows/columns in confusion matrix;

xii = Number of observations in row i and column i;

xi = Total number of rows i;

X + i = Total number of columns i;

N = Number of observations.

Kappa values of > 0.79 are excellent; values between
0.6 and 0.79 are substantial; and values of 0.59 or less
are moderate [62].

classification of image of 2001 gave a kappa statistic of
0.788. This shows that the classification was good.
High accuracy was also obtained for Landsat-5TM

(2009) and Landsat-80LI (2019) supervised
classifications which gave classification accuracy of
0.828 and 0.80 respectively.

To assess mapping accuracy of classification, we
used confusion matrix, an overlap-area-based zonal
statistics table for testing mapping of reference sample
polygons and points [63, 64]. In this process, a total of
400 points were randomly selected basing on the
classified image of 2019 and only 287 were at
accessible locations (Table 2). We selected reference
pixel cells for our basin areas that could be clearly
identified on Google map and some locations traced
during ground truthing [65]. Reference cells for
classification accuracy assessment were selected using
the best guess approach for reference point to enable
use of independent data [66]. These were put on a
Google map and potential for access determined using
local knowledge and basing on river basin delineated
field map.

2.5 Determination Vegetation Density and Topographic

Zones

Emphasis was placed on zoning vegetation classes
which reflect cover density as in satellite images of the
landscape. This strategy helps in capturing the beta
diversity within the study area [48]. Field sample points
were chosen in field using Google digitized

The results of Landsat-7EMT+  supervised
Table2 Confusion matrix.
HDW MDW LDW WGL MFS RBA ISL TOTAL  Correctly sampled

HDW 34 2 0 0 2 0 0 38 34
MDW 1 23 2 0 1 0 0 27 23
LDW 1 4 31 6 2 0 0 44 31
WG 0 1 6 72 0 0 0 79 72
MF 0 0 0 0 26 0 0 26 26
RBA 0 0 0 0 0 29 3 32 29
ISL 0 0 0 0 0 10 31 41 31
Total 36 30 39 78 31 39 34 287 246

The overall classification accuracy = percentage ratio of number of correct points. Accuracy = (246/287) % 100% = 85.71%. These
results are good in classification of diversity of vegetation communities in land use/cover mapping [67].
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images. Google map showed different sections of dense
forest vegetation and during fieldwork, it was
confirmed that there existed sections in chosen plots
with taller and more vegetation.

A combination of NDVI and ground truthing was
used for vegetation density mapping. NDVI was used
to compare vegetation location points for study years to
approximate environment change impact over the study
time. A total of 100 location points were used for
change comparisons for transition NDVI changes over
the years. NDVI is good for vegetation cover density
mapping even in water stress conditions when assessed
along meteorological conditions as was considered in
this study [68-70].

NDVI = (NIR—Red)/(NIR+Red) 2

NIR: near-infrared

The values of NDVI range from -1 to 1. Dense
vegetative land cover gives a high NDVI.

DEM TM points were used which represent the
orthometric height.

The geoid undulation of each point was calculated
for subsequent transformation of ellipsoidal height to
orthometric height [71]. This is used for calculating the
EE (Elevation Errors). The difference between the
values of the reference elevation from the elevation
value of each DEM was used to get differences field
points [71, 72]. In the field, this was done by sampling
of coordinate depressions for coordinates and using
them to check against DEM elevations [73].

It is important to identify zones and spatial
typologies in physical geography, because it is the base
of geographic classifications, applied in landscape
descriptions and in spatial analyses [74]. The DEM was
downloaded from GLOVIS (Global Visualization
Viewer) with altitude values. Spatial analysis
modelling was performed by zonal modelling where
the output is a result of computations performed on all
cells that belong to each input zone; and a zone
represents a cell of LULC. Zonal statistics were
generated for the elevation values of DEM within the
zones of each vegetation-cover type.

In landscapes, vegetation cover at topographical and
in soil zones forms units of variations of lateral
(interflow); and vertical processes (soil moisture,
infiltration and ET) and can be visualized in soil and
vegetation [75, 76]. Soil properties were assumed to be
homogenous for each vegetation unit in our study area
for a given topography area.

In assessment of land-cover, plant species in the
basin were also identified to further explain vegetation
land-cover. The checklist of Miombo woodlands
vegetation species vernacular plant names in
Mozambique [77]; together with scientific names of
species in the reserve [78] were used. Local names were
confirmed by community consultations with at least 3
elders in Yao and Makua local languages. Scientific
names were further gotten from plants of the world
online database (https://powo.science.kew.org/) as well
as the website of South African National Biodiversity
Institute (http://newposa.sanbi.org/) where pictures and
botanical names are given. The above community
approach in vegetation species classification had been
used in vegetation classification [79]. Plant samples
including six plants which could not be classified in the
field were brought to the herbarium for classification at
Eduardo Mondlane University in Maputo.

2.6 Land-Cover Change Detection

Land use/cover was assessed for percentages for the
different classes for the different years. Changes were
estimated for the land use/cover types in periods studied:

D = ((Ab —Aa)/Aa) x100% 3)
where, D refers to rate of change; Aa is the area in the
initial year; and Ab is the area in the terminal year.

3. Results
3.1 Land Use and Cover

The basin has 6 vegetation classes by 2019 (Table 3).
The rest of the catchment is under built up area, burned
areas and ISL. LDW is predominant in lower altitude
areas of 370 m to 430 m (Fig. 2). WGLs are evenly
distributed in open areas and mainly around inundated
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valley wet areas where dambos exist [80]. During the
study period, there were no major changes in LULC
types apart from some losses and gains for classes
(Table 3).

Analysis has also been done for study years;
progressive land cover changes show MFS and LDW
as the main losers; and WGLs and HDW as the main

Table3 LULC(Sq. km).

losers (Table 4).

There was increase of area covered by taller
vegetation for the study period in the order of MDW>
HDW >MFS. There were losses for LDW and WET for
vegetation and significant gains for ISL and built-up
environment (Table 5).

2001 2009 2019
No. LULC
Area % Area % Area %

1 MFS 78.54 11.27 88.13 12.64 106.95 15.34
2 LDW 154.62 22.18 173.07 24.83 43.54 6.25
3 MDW 88.17 12.65 114.52 16.43 133.2 19.11
4 HDW 161.24 23.13 196.02 28.12 190.19 27.29
5 WGL 200.49 28.76 103.99 14.92 200.49 28.76
6 RBA 211 0.30 1.88 0.27 2.03 0.29
7 BULT 0.24 0.03 0.37 0.05 0.48 0.07
8 WET 3.56 0.51 3.49 0.50 3.14 0.45
9 ISL 8.05 1.15 15.55 2.23 17 2.44

Total 697.02 100.00 697.02 100.00 697.02 100.00
Table4 LULC change (% area).
No. LDC 2001 to 2009 2009 to 2019 2001 to 2019
1 MFS 12.21 21.35 36.17
2 LDW 11.93 -74.84 -71.84
3 MDW 29.89 16.31 51.07
4 HDW 21.57 -2.97 17.95
5 WGL -48.13 92.80 0.00
6 RBA -10.90 7.98 -3.79
7 BULT 54.17 29.73 100.00
8 WET -1.97 -10.03 -11.80
9 ISL 93.17 9.32 111.18
Table 5 Land-cover change transition matrix between 2001 and 2019 (Sqg. km).

MFS MDW HDW WGL LDW WET RBA ISL BUL Total
MFS 26.87 27.22 20.14 5.87 25.99 0.32 0 0.52 0.02 106.95
MDW 17.97 14.4 26.45 24.36 47.66 1.48 0 0.86 0.02 133.2
HDW 18.33 27.8 91.75 18.61 317 0.4 0.18 1.37 0.05 190.19
WGL 7.68 8.48 7.78 135.01 40.34 0.28 0.31 0.61 0 200.49
LDW 2.57 5.65 12.12 15.38 5.3 0.69 0.28 1.53 0.02 4354
WET 0.54 0.68 0.61 0.16 0.76 0.39 0 0 0 3.14
RBA 0.04 0.26 0.4 0 0.04 0 1.18 0 0.11 2.03
ISL 4.48 3.63 1.91 1.06 2.76 0 0 3.16 0 17
BUL 0.06 0.05 0.08 0.04 0.07 0 0.16 0 0.02 0.48
Total 78.54 88.17 161.24 200.49 154.62 3.56 211 8.05 0.24 697.02
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Fig. 2 Land-cover in study years.

The increase in the area covered by ISL was possibly
from soil erosion opening up rock and area loss of RBA
which reduces for 2019. This can also result from
opened up area because the area has vegetation that
shades their leaves burning. Overall, there is a larger
share of green vegetation (Fig. 2). The increase in
vegetation cover density can be because soil bedrock is
perhaps young geology or that rocks weather very
quickly, and thus the top layer is intensely altered over
a short time due to climate in northern Mozambique [81,
82].

3.2 Vegetation Species

Several vegetation species were found by the study.
The vegetation species are reportedly used by the local
human population and wildlife thus a risk of human-
wildlife conflict [40, 44, 78, 83-85]. The species found
in rock dominated environment in upstream and
midstream dry environment were mainly taller trees
dominated by non-canopy species (Table 6).

All upstream and midstream tree species above were
also found in the riverine and valley areas. The
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downstream and riverine environments have additional
species which is visibly denser (Table 7).

Grass and shrub-species were found in lowland and
riverine environments though visibly dry season
weakened with some stems bent in open areas; but
these got wetter as you move closer to the river in
downstream area and in sandy soil trapped rock areas
especially where there was shade (Table 8).

Table 6 Vegetation species in upstream and midstream areas.

3.3 NDVI Variations

NDVI values showed sections of vegetation got
denser over the years while some got drier so there was
no visible trend over the study years (Table 9).

The NDVI maps show 2019 with wetter vegetation
than 2001; and both more than 2009 (Fig. 3). This may
be attributed to the high coverage of shade vegetation
in 2019 that support undergrowth vegetation.

Scientific name Local name
Julbernardia globlifera (Benth.) Troupin. Ntchenga
Barleria natalensis Lindau. Chingala
Brachystegia boehmii Taub. Ndjombo
Sterculia schliebenii Mildbr. Ngonza
Millettia stuhlmannii Taub. Mpanda
Pteleopsis myrtifolia (M. A. Lawson) Gere & Boatwr. Nepa
Brachystegia spiciformis Benth Mpapa
Terminalia sericea Burch. ex DC. Ntchizo
Adansonia digitata L. Nongi

Table 7 Vegetation species in riverine and valley areas.

Scientific name Local name
Pseudolachnostylis maprouneifolia Pax.var. maprouneifolia Nsolo
Pterocarpus angolensis DC. Ntumbati
Burkea Africana Hook. Nkalati
Acacia goetzei Harms. Nangware
Casuarina junghuhniana Mig. Nakajenjema
Cissampelos pareira L. var. hirsuta (Burch. ex DC.) Nakananduru
Combretum kraussii Hochst. Rwevera
Combretum mossambicense (Klotzsch) Engl. Njanjajuni
Croton gossweileri Hutch. Likoba
Cyphostemma spinosopilosum (Gilg & M. Brandt) Desc. Lijumba
Dichrostachys cinerea subsp. africana var (L.) Wight & Arn. Nhacanunganunga
Flacourtia indica (Burm. f.) Merr. Nzerekete
Jacaranda mimosifolia D. Don. Nakangwale
Julbernardia globiflora (Benth.) Troupin. Nakaperemendi
Landolphia kirkii Dyer ex Hook. f. Nakakunde
Pterocarpus lucens Lepr. Ex Guill. & Perr. subsp. Antunesii (Taub.) Rojo. Nzomba
Strychnos spinosa Lam. Nakalunga
Syzygium guineense (Willd.) DC. Ntepera
Vachellia davyi (N.E.Br.) Kyal. & Boatwr. Nalundatara
Tribulus cistoides L. Ntimbamwizi
VangueriainfaustaBurch. subsp. infausta Ndururu
Table 8 Grass and shrub vegetation species in lowland riverine wetter areas.

Species

Trichocladum panicum. Hack. ex K. Schum

Hyparrhenia variabilis Stapf

Xerophytaspekei Baker
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Sansevieria ehrenbergii Schweinf. ex Baker

Dewildemaniana pycnostachys Robyns & Lebrun, Rev

Themeda triandra Forssk.

Hyparrhenia newtonii (Hack.) Stapf var. macra Stapf.

Aristida adscensionis L.

Table9 NDVI values for the studied years.

Lowest Highest Mean Standard deviation
2001 0.075797 0.294118 0.170697 0.070305
2009 0.040816 0.370787 0.235522 0.079987
2019 0.141511 0.325352 0.255082 0.040070
2001 NDVI 2001
Values (m)
- High :0.390548
— Low :-0.638826
2007 NDVI 2009
Values (m)
— High :0.548872
— Low : -1
2002 NDVI 2019
Values (m)
— High : 0.422599
N — Low :-0.0660672
0 5 10
L 1 Il 1 | 1 1 J
Kilomelers

Fig. 3 NDVI maps.
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3.4 Vegetation Cover in Elevation Zones

Vegetation structure and plant diversity are
influenced by soil traits across landscape formations
[86-88]. This vegetation relationship with elevation is
important for execution of proactive plans for the
maintenance of biodiversity as water availability in
water held in soil determines physiognomic gradient [1,
89, 90]. The basin is in an area that has shallow soils on

a granite rock base which makes them well drained [91].

The landscape area has high elevation rocky section
of the steep gradient which can contribute to erosion
deposition in lowland areas and contributes to
vegetation classes there (Fig. 4a). Topography ranges
from 360 m a.s.| to 580 m. as.l with the largest
vegetation-class dominance being MDW (27.29%) in
the elevation band 410 m a.s.l to 430 m a.s.l (Fig.4b).
MFS is easily accessible from Mbatamila and Ntimbo
1 and grow at < 580 m.a.s.l. Vegetation largely
characterized by woodlands in the area below this
elevation. HDWSs are most common in sub-catchment
3 where interestingly there is no small-scale agriculture
which is possibly an indicator of vegetation succession
section dominance. WETs are common in sub-
catchment 11 downstream of the basin which is
hydrologically expected for a flood plain. There is more

MDW in sub-catchment 10 and this is the sub-
catchment with evenly distributed vegetation cover.

Analysis of land-cover using sub-catchments as
landscape units was done to provide more data of
vegetation distributions and combinations (Table 10).

Vegetation types do not necessarily follow landform
as observed in classification with upstream (440-510 m
a.s.l) having MFS which also existed in lower altitude
areas (370-430 m a.s.l). Apart from WET, all the other
land-cover classes exist in the midstream section.
Except for RBA and built up, the upstream section had
the same classes as downstream.

3.5 Socio-Economic Factors and Perceptions of Local

People

Community consultations were used to assess socio-
economic drivers of LULC change and experiences on
trends (Table 11). Attendance of these meetings was by
49.3% of household heads in Ntimbo 1 and 67.9%in
Lisongole. Our estimated number of households was 56
for Lisongole and 67 for Ntimbo 1. Data were collected
using open ended questions for interviews on
experiences and respondent opinion on experiences in
LULC change over the last 10 years and perceptions.
All respondents consulted in this study had stayed in
the area for over 10 years (100%).

Table 10 Land-cover distribution in sub-catchments (Sq. km).

Sub-catchment  Built-up  MDW HDW WGL ISL RBA MFS WET LDW Total
1 10.15 5.95 17.52 19.82 30.60 3.43 87.46
2 0.12 15.84 2.82 28.66 22.09 21.39 0.99 5.59 97.51
3 12.10 0.06 29.83 17.30 11.78 3.61 74.68
4 20.98 6.86 20.74 28.44 13.11 9.70 99.83
5 8.10 0.55 26.29 15.95 8.33 1.49 60.71
6 12.72 0.58 16.19 15.48 3.41 2.49 50.86
7 0.04 5.61 0.00 9.09 8.81 7.52 0.50 0.42 1.96 33.95
8 0.07 14.66 0.17 11.34 16.57 2.25 0.30 0.03 6.68 52.07
9 12.17 10.42 12.89 1.06 3.44 39.98
10 14.54 21.80 22.33 1.83 3.10 63.60
11 0.24 6.29 8.24 10.41 5.65 1.24 1.69 2.59 36.36
Grand Total 0.47 133.16 17.00 200.12 190.09 106.93 2.03 3.14 44.08 697.02

Table 11 Community reports on groundwater points and landscape ecology.
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Question

Lisongole village

Ntimbo 1 village

Remarks

Presence of animals
1 around the human
settlement areas

Yes (100%)

Yes (100%)

There are wildlife
habitats around human
settlement areas.

Land use change near
2 areas where they see
wildlife

All respondent (100%) reported that
there has been a significant change
near communities; another group
(39.5%) reported that there has been
small change; and 5.3% could not be
specific.

A big fraction (99.2%) said there has
been change; and 33.3% small
change.

Community recognizes
land use change in the
area around them where
wildlife is a threat.

Seasonal vegetation

A small fraction of all respondents
(46.3%) reported that there has

All (100%) reported that there have
been changes in vegetation patterns;
39.5% reported more dry seasons

Different seasonal
vegetation patterns

3 vegetation patters change; and : .
patterns O ... |causing early vegetation leaf shed; |around human settlement
22"3\/25321 ;?;gocnog:]ir?oé ?r?ssgaes%gsc and 47.2% reported more riparian  |areas.
9 9 " |vegetation in the wet seasons.
All respondents (100%) reported A large fractign 53.7% I eported less
change towards reduced green green vegetation cover in the wet
. 0,
4 General comment on  |vegetation in wet seasons; 96.7% Eiﬁggls%\?tﬁa Qggfsqr{egtygorfewgtgg Community members
' LULC change reported land clearance for S S ep recognize LULC change
agriculture has increased; and 6.5% less .medlcmalownd plants in the
reported LULC to still be the same area, and .74'8 % rgported more land
" |under agriculture in the dry season.
All people (100%) reported change |All people (100%) reported change .
5 Main drivers of land in seasons; and 72.4% reported in seasons; and 82.1% reported CL:BTgerZ::g sre]?:ggzand
use cover/change human population growth for human population growth for gnized by
local communities
settlements. settlements.
4. Discussion grasslands as the main losers; and LDW and HDW as
. DISCUSSI

Our study contributes answers to the call to conserve
connectivity in protected areas through habitat
corridors ecosystem classification and protection so as
to enable species migration within their climatic niches
in the Selous-Niassa trans-frontier conservation area
which has been a knowledge gap [92]. The study
collected data in the end rainy season and end of dry
season which are the appropriate months of animal
migration in the dry-humid climate for a seasonal river
tributary in this wildlife reserve [92, 93].

WGL spread across the basin can be attributed to
favourable climate and space availability in canopy
openings for wooded vegetation. The increase in taller
vegetation class types is perhaps due to conservation
efforts in this reserve area also hosting human
settlement. This is a good environmental conservation
achievement of efforts in this region where there is
vegetation cover reduction and degradation due to
anthropogenic activities widely reported [92]. The
change of vegetation cover in the study time towards
higher cover levels was pronounced with LDW with

the ones that increased mostly over the study period.
The existence of all types of vegetation in upstream ISL
dominated area can possibly be attributed to weathering
and erosion processes in the possibly young geology of
the area but more research is needed on this.

The low values of NDVI found with minimum of
0.040816 maximum 0.370787 can be attributed to the
area rocky nature of the landscape with dense
vegetation widely interspersed with WGL. Both the
highest and lowest NDVI values were for 2009 and
were accompanied by a reduction from 2001 to 2019,
which may be attributed to land-cover change to taller
sparse vegetation and differences in times of image
capture in this dry mid-climate season in this area with
vegetation shedding leaves during the dry season.

There are indications of vegetation distribution in
relation with topography, soil factors and human
influences with sub-catchment 3 having the highest
LDW cover and no human settlements. Recently burnt
areas in the landscape are mostly close to human
settlement area. MFS vegetation losses in human
settled conservation areas have also been reported in
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Miombo woodlands in Gorongosa National Park in
central Mozambique [94]. The relief variations and
unevenness of elevation causes differences in soil depth
and soil moisture and uneven distribution of MFS [95].

The main vegetation classes found were expected
although some species were not on record for the NSR
[39, 46, 80]. Some vegetation assemblages are quite
discrete, such as the MFS, but others overlap
considerably, such as LDW, MDW and WGLs. Efforts
that have been made to do vegetation classification for
the reserve have been found similar classes [78, 96].
We noted that there was a significant research gap in
the Incalaue landscape on vegetation cover change
classification given the type of land use and this study
provided information [44, 78, 85]. Our study picks out
the high moist rainfall MFS Miombo vegetation class
which was also reported for the region in the First
National Report on the Conservation of Biological
Diversity in 1997 [97].

The largest decreases are for WGLs (71.84%),
WETs (11.2%) and RBA (3.79%) which shows
vegetation change towards taller vegetation and open
areas in the season. A 0.9% woodland loss in NSR had
been previously reported between 2001 and 2014 and
was largely attributed to expanding agriculture around
settlements and along main roads [45]. Incalaue basin
hosts communities in communities of Ntimbo 1 and
Lisongole and is located near Mecula town, so potential
community vegetation harvesting and degradation may
have an impact on vegetation cover.

It has been shown that biomass production in NSR is
significantly related to climate, which mainly means
annual rainfall, and it thus is susceptible to disturbances
[39]. The results show need for land-use management
to promote conservation by highlighting changes in
vegetation cover over study time and for projected
climate change impacts in Mozambique marked with
increase in temperature and reduction in precipitation
[98].

In context of the study area being wildlife reserve,
this study showed the need and we propose landscape

hydrology as an approach to land-use management.
Spatial and temporal trend analysis of land use and
LULC done in this study can be useful in landscape
environmental conservation for development of
hypotheses on hydrological processes underlying
vegetation diversity patterns.

In 1995, a new Mozambique NLP (National Land
Policy) was approved and the Land Law formulated in
1997. This policy established a clear rights-based
approach to freely guarantee land for Mozambicans and
supporting rural community land rights thus opening up
restricted landscapes with vegetation areas to possible
degradation. Currently, land tenure rights are given as
DUAT (Direito de Uso e Aproveitamento da Terra), a
state-granted land right.

The DUAT can be acquired in three ways, which are
long-standing occupancy; customary occupation of the
land by individual persons and by local communities;
and based on good faith to individual national persons
who have been using the land in good faith for at least
ten years. This process of land acquisition is silent on
protection of wildlife conservation areas. There is
potential risk of environmental degradation due to
human encroachment in the future due to population
growth and expansion of the existing communities.
This study further shows that there is need for
identification and management of biodiversity hotspot
areas as state institutions focus on the conservation as
well as socio-economic developmental as has
previously been shown [98].

5. Conclusions

This study assessed LULC change using relief and
vegetation spatial and temporal patterns to detect
changes in Incalaue basin for the years 2001, 2009 and
2019. The study shows that river sub-catchments as
landscape hydrologic divisions are useful to map
environmental differences, change and LULC over
time and space. This study wused landscape
characteristics for mapping LULC; and added
vegetation species identification for mapping situation
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and changes in Incalaue river basin. This study
provides information useful for guidance to
conservation institutions in Mozambique for vegetation
cover trend analysis and potential conservation
management hotspot areas in seasons for wildlife in
NSR. There are multiple vegetation species with some
localized by distribution which makes these
environmental management hotspot areas. There are
human settlement areas and these have expanded over
time; and the study shows a need for mitigating human-
wildlife conflict in the green vegetation riverine areas
during the dry season. There is a challenge for LULC
management due to the Mozambican legislation which
creates a danger of human settlement, ownership and
use of land; and potential degradation in this wildlife
conservation area. There is need for a land use plan for
areas of road and other landscape opening LULC
infrastructure construction away from wildlife dry
season vegetation hotspot areas. This study showed that
vegetation cover dominates among LULC types and
holds potential as the LULC change monitoring. The
study proposes identification and consideration of area-
demanding threatened species that require landscape
scale habitat conservation; and prevention of
degradation and loss of water access hotspots and those
areas with sensitive and localized vegetation species.
The overall conclusion of this study is that LULC and
its spatial and temporal cover change holds potential for
landscape-based planning  and
environmental monitoring in Incalaue river basin.
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